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PPROACHES to congestive heart failure have been dominated by the 

experiences of the clinic rather than of the laboratory. Moreover, they 
have focused on overt heart failure rather than on the origins of heart failure in 
a disorder of muscle. 

The empirical observations of the clinic have been rewarding in several 
ways. For example, they have led to the recognition of a variety of different 
types of heart failure and to their classification according to etiology and natural 
history. In addition, clinical experience has established digitalis and diuretics 
as effective tools for the treatment of particular types of heart failure. These 
therapeutic agents have, in turn, influenced research on heart failure not only 
by removing the sense of urgency from the search for other therapeutic measures, 
but also by supplying a fund of information which must be reconciled with any 
theories that aspire to depict the pathogenesis of heart failure. 

Stimulated by this background of clinical experience and classification, 
investigators have directed their attentions to the pathogenesis of heart failure. 
This shift in interest is reflected in the present symposium. It will be seen that 
the individual papers are more concerned with common denominators and patho- 
genetic mechanisms than with categories of heart failure. 
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HEART FAILURE 

The heart consists of two muscular pumps and their directional valves. 
The heart may fail as any of its parts become incompetent. Congestion of either 
the pulmonary or systemic veins identifies which side of the heart has failed, but 
other evidences are required to disclose which particular part or chamber is the 


seat of the trouble. 

Failure of heart muscle is the major concern of this symposium. It may be 
considered from two points of view: muscle failure or pump failure; accordingly, 
mvocardial failure may be defined in either biochemical or hemodynamic terms. 
From a biochemical point of view, the muscle of a ventricle has failed when its 
generation of free energy or its utilization of that energy in the process of contrac- 
tion is insufficient for the circulatory load which it has to handle (Olson*); from 
a hemodynamic point of view, the myocardial pump has failed when it can no 
longer respond to progressive increments in ventricular filling (increments in 
its end-diastolic volume) with an increase in its external work (blood pressure 


times cardiac output).! 

More is known about the hemodynamic consequences of heart failure than 
of the biochemical disturbances which underlie it. In general, thinking about 
hemodynamics is conditioned by Starling’s law.'| This law has been the basis 
of two exceedingly useful indices of heart failure in man (Donald): (1) as the 
failing heart muscle is called upon to perform more work, through exercise or 
venous infusion, it fails to increase its external work in a normal manner even 
though the ventricular end-diastolic pressure continues to rise, and (2) until 
the stage of ‘‘spent myocardium” is reached, the failing muscle responds to 
digitalis by performing more external work in the face of a decrease in its end- 


diastolic pressure. 

A major cause of right heart failure and consequence of left heart failure is 
pulmonary arterial hypertension.” The mechanisms responsible for this pressor 
effort are not completely clear. Of particular interest is the contribution of the 
autonomic nervous system to the genesis of this pulmonary arterial hypertension. 
In the systemic circulation, the autonomic nervous system regulates arterial 
and venous blood pressure (Guyton) as well as blood flow through individual 
organs. By way of contrast, mechanical factors, rather than nervous, seem to 
dominate the control of the normal pulmonary circulation. Whether this situa- 
tion also exists in chronic pulmonary congestion, where anatomic changes may 
convert thin-walled precapillary vessels into the counterparts of systemic ar- 
terioles, is not known. Interpretation in this regard is complicated by experi- 
ments which involve the translation of a change in ‘“‘vascular resistance’ into 
pulmonary vasoconstriction or vasodilatation. Halmagyi has undertaken this 
task for the present symposium where he relates the few observations on left 
ventricular failure to other types of pulmonary hypertension. 


BETWEEN ‘CARDIAC RESERVE’ AND HEART FAILURE 
En route to heart failure, the ventricular muscle passes through a stage of 
What this stage means in biochemical, anatomic, or 


diminishing ‘‘reserve.”’ 
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physiologic terms is not known. Nor is this stage susceptible to precise clinical 
definition. However, as the ventricular muscle becomes compromised to the 
point of eliciting either clinical discomfort (breathlessness and_ fatigability) 
or physical signs (gallop rhythm or pulsus alternans), hemodynamic derange- 
ments may be disclosed by stress, such as exercise. Finally, only when deteri- 
oration of the myocardium has progressed either to the stage of inordinate filling 
pressures for a normal cardiac output or to the stage of an inadequate increase 
in cardiac output for the increase in metabolic need can the full-blown picture of 
congestive heart failure be expected. At this time it is generally easy, particu- 
larly in adults, to recognize which ventricle is primarily affected. However, in 
children and in some adults with diffuse myocardial disturbances (Ieefer), the 
distinction between primary right ventricular failure (distended neck veins, 
hepatomegaly, edema, ascites) and primary left ventricular failure (dyspnea 
orthopnea, rales, ‘cardiac asthma’’) may be complicated (Blumenthal and An- 
dersen). 


CONGESTIVE MYOCARDIAL FAILURE AND ‘‘THE CONGESTIVE STATE” 


The hallmark of congestive myocardial failure is hypertension of the venous 
circuit leading to the failing heart. However, as Eichna and co-workers’ have 
emphasized, venous engorgement and hypertension may occur in a variety of 
nonmyocardial disorders in which the heart muscle is perfectly competent. 
For example, systemic venous congestion is a regular feature of mechanical 
impediments to cardiac filling, such as tricuspid stenosis or pericardial constric- 
tion,’ conditions in which the right ventricle is spared rather than strained. 
Similarly, pulmonary venous congestion complicates mitral stenosis as a con- 
sequence of an obstructed valve rather than of an incompetent left ventricle. 

Congestion of both venous circulations, without myocardial failure, may be 
induced by rapid venous infusions or occur in the course of ‘‘hyperkinetic”’ 
circulatory states, such as peripheral arteriovenous fistula. Similar but less 
dramatic venous congestion may occur in Paget’s disease, beriberi, or severe 
anemia. In all of these situations venous congestion may arise from a combina- 
tion of an expanded circulating blood volume and heightened venomotor tone, 
rather than failure of heart muscle.* 


Any of these ‘“‘hyperkinetic’’ congestive states presumably may cause the 
heart muscle to fail from overwork. But the onset of myocardial failure may 
be difficult to detect on clinical grounds, since: (1) the hyperkinetic circulation 
persists during myocardial failure and (2) the congestion is only aggravated, 
rather than initiated, by the heart failure. Evidence exists that the circulatory 
response to digitalis,’ and to exercise may help in disclosing the onset of myo- 
cardial failure. 

From a practical point: of view, the distinction between the ‘congestive 
state’ and ‘‘congestive myocardial failure’? may seem unimportant since ther- 
apeutic measures, such as the administration of diuretics and the replacement of 
particular nutrients, e.g., thiamine in beriberi, may be effective in both situations. 
But this distinction is relevant to the use of digitalis glycosides since such car- 
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diotonic agents may be expected to improve myocardial performance and pro- 
mote diuresis only if the heart muscle has failed (McMichael). 


“LOW OUTPUT” FAILURE VERSUS ‘“‘HIGH OUTPUT” FAILURE 


A regular feature of the ‘‘hyperkinetic’’ circulatory states is a high cardiac 
output. Consequently, it has become expedient, with the advent of cardiac 
catheterization, to classify myocardial failure according to the level of the cardiac 
output. This practice has served at least two purposes: (1) it has separated, 
on clinical and physiologic grounds, a type of myocardial failure in which the 
circulation remains vigorous and the extremities remain warm despite venous 
congestion and edema, and (2) it has emphasized that the state of the circulation 
during myocardial failure is, in large degree, a consequence of the size of the 
circulating blood volume and the level of the cardiac output prior to heart failure. 

This type of classification is obviously concerned with the consequences, 
rather than the causes, of myocardial failure. Nonetheless, it has afforded a 
hemodynamic frame of reference to which the anatomist and the biochemist 
can relate the myocardial origins of heart failure. For example, it has been sug- 
gested (Olson) that ‘high output” failure has different biochemical bases from 
“low output” failure. Moreover, it may be anticipated that the ‘‘low output’ 
failure of chronic cardiac overwork has different biochemical and physicochemical 
beginnings from the ‘‘low output” failure of myocarditis and that the ‘high out- 
put” failure of a peripheral arteriovenous fistula represents a different anatomic 
or biochemical sequence from the ‘‘high output” failure of severe anemia or 
malnutrition. These anatomic and biochemical aspects of myocardial failure 
are considered by Kuschner and Lobdell, and by Olson, respectively. 

The discussion, up to this point, has centered around the heart on the 
premise that inadequate myocardial performance, of either ventricle, is sufficient 
to initiate a characteristic train of events which ends in venous congestion. There 
remains to be considered: (1) the particular mechanisms by which quantities 
of fluid sufficient to cause congestion are retained and (2) the link between the 
failing heart and the fluid-retaining mechanisms. 


THE ABNORMAL RETENTION OF FLUID BY THE KIDNEY 


In the normal subject, the fluid compartments of the body are held remark- 
ably constant through a complex interplay between intake (governed by thirst 
and appetite), intracorporeal fluxes (controlled by cell permeabilities and secre- 
tion), and excretion (regulated largely by the kidney). Congestive heart failure 
is characterized by an upset of this balance, manifested by isosmotic expansion 
of extracellular fluid, including the circulating blood volume. 

The kidney contributes to this upset by withholding unusual quantities of 
fluid and salt from the urine. Although this end result is brought about by the 
renal tubules, it may actually be accomplished in several different ways: (1) 
by an abnormally low filtration rate, thereby presenting the tubules with an 
unusually small filtered load for reabsorption, (2) by a greater reduction in 
renal plasma flow than filtration rate, thereby increasing the osmotic pressure 
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of blood in the peritubular capillaries (Barger), and (3) by heightening tubular 
avidity for salt and/or water through the action of a variety of endocrine secre- 
tions, including antinatriuretic hormones such as aldosterone and other adrenal 
cortical steroids, on the one hand, and the antidiuretic hormone of the posterior 
pituitary gland, on the other. These are appraised by Wolff and by Strauss 
and Papper. 


THE SIGNAL FROM THE FAILING HEART TO THE KIDNEY 


How the heart signals its distress to the kidney is not clear. This signal is 
apparently not peculiar to the failing myocardium since a heart which is the 
seat of valvular disease’ can elicit the same fluid-retaining response. 

A variety of mechanisms have been invoked to account for the undue con- 
servation of fluid in heart failure: hypoxia, myocardial metabolites, abnormal 
extra- or intracellular fluids, pulmonary hypertension, nonuniform vasoconstric- 
tion, the total circulating blood volume, etc. Although some evidence can be 
adduced to support each of these, none is completely convincing. 

Finally, the possibility has been raised that two regular consequences of 
heart failure, a decrease in cardiac output and an increase in the venous pressure, 
may influence the fluid-retaining functions of the kidney by way of the intra- 
vascular baro- or stretch receptors. 


PRESSURE AND STRETCH RECEPTORS 


Baroreceptors have long been known to exist on both the arterial® and 
venous’ sides of the systemic circulation; the arterial baroreceptors, in particular, 
have been established as regulators of heart rate and systemic arterial blood 
pressure. Recently, stretch receptors have been identified in the pulmonary 
veins and left atrium’; these have been implicated in the characteristic breathing 
pattern of pulmonary congestion (Aviado and Schmidt; Turino and Fishman). 

Strong arguments have been advanced to implicate such receptors and their 
nervous pathways in the genesis of both the circulatory’ and the fluid-retaining 
abnormalities of the kidney.’ In each case, a change in the blood content of a 
particular vascular segment has been considered to affect renal performance 
through distortion or stretch of intramural sense organs. These schemes are 
intuitively attractive to those who have been seeking common hemodynamic 
denominators in heart failure. Unfortunately, more evidence is required to 
establish that such ingenious circuits do actually operate in heart failure.'° 
These topics are considered in detail by Strauss and Papper; Wolff; Barger, 
Liebowitz, and Muldowney. 


HOMEOSTASIS TO HYPEREXIS 


The concept of homeostasis has long influenced thinking about the relations 
of heart to kidney in heart failure. For example, the conservation of salt and 
water has been regarded as a device for expanding the blood volume for the sake 
of inproving venous return to the failing heart"; alternatively, the renal response 
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has been pictured as a mechanism for restoring the arterial blood volume to 
relieve the undue stimulation of the carotid sinus baroreceptors by an under- 
filled (hypotensive) arterial tree (Barger) 

Both of these well-intentioned mechanisms may be overshooting their 
homeostatic marks, ‘‘elicit a stage of ‘hyperexis’ ’’,” i.e., derange further, rather 
than restore, the ‘internal environment.” 

Thus, the retention of fluid and the expansion of the circulating blood volume 
may not stop with the restoration of the cardiac output but continue until the 
myocardium is taxed by abnormal filling volumes and pressures.'® Similarly, 
by continuing to signal that arterial walls are unusually lax, the baroreceptors 
may bring about edema and ascites as the retained fluid is withheld from the 
arterial tree and is sequestered, instead, on the venous side of the circulation. 

Other mechanisms may also be related through hyperexis to the conserva- 
tion of fluid by the kidney in heart failure.'’* However, none is sufficiently rooted 
in experiment and observation for definitive evaluation. For example, the 
picture of systemic arterial hypotension as the initial derangement in one se- 
quence has yet to account for either the systemic arterial hypertension of acute 
left ventricular failure or for the conservation of fluid in the “high output” 
types of myocardial failure. A similar type of criticism may be leveled against 
the idea that congestion of the left atrium is responsible for the fluid-retaining 
signals.’ Although this scheme offers an appealing explanation for changes 
in the excretion of water during a variety of acute experimental circumstances, 
it fails to account for the antidiuresis which characterizes the chronic left atrial 
congestion of mitral stenosis or left ventricular failure. 

Sequences of myocardial failure such as these, which begin with the ab- 
normal performance of the heart as a pump, are manifestly concerned with the 
end stages of muscle failure. Although these sequences undoubtedly will be 
revised and replaced as accurate observations and experiments will uncover 
inconsistencies and fallacies, they at least afford some conceptual bases for prac- 
tice and experiment. A completely different situation exists with respect to a 
consideration of the very beginnings of heart failure as a dtsorder of muscle. 
This stage has no known clinical expression. Nor have sufficient observations 
been accumulated to even serve as a basis for understanding. 

These differences in our understanding of the early and late stages of myo- 
cardial failure are reflected in the contents of this symposium. However, the 
symposium would defeat its purpose if, through preoccupation with myocardial 
failure as pump failure, it should obscure the need for understanding myocardial 
failure in terms of muscle failure. 
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INTRODUCTION 


HE modern pathologist's major concern has been with the structural 

aspects of disease. Starting from a knowledge of disordered form, he has 
proceeded to the investigation of the causes and consequences of such abnormali- 
ties. This approach, brilliantly exploited by the morbid anatomists of the last 
100 years, made possible major contributions to our understanding of the nature 
of heart disease. For a time it seemed that the method had exhausted itself, 
but new tools and techniques, developed principally during the past decade, 
have opened new avenues to the solution of old problems. In addition they 
have resolved any remaining doubts as to the identity of structure and function, 
for they have demonstrated the dependence of function on form, and of form 
on function, even at the subcellular level. 

It is the purpose of this presentation to summarize the contributions of 
classical cellular pathology to the understanding of disordered myocardial function, 
to indicate the problems posed, but unanswered, by the older techniques, and 
to outline some of the newer approaches that promise to be productive as they 
are applied to these problems. 

This discussion will be concerned solely with alterations in the myocardium. 
Although structural changes in the valves, endocardium, and pericardium, and 
abnormal communications between chambers or great vessels may initiate cardiac 
insufficiency and contribute much to the pathophysiology of the congested state, 
most such defects are compensated for in varying degree by myocardial hyper- 
trophy and, where significant, usually progress to myocardial insufficiency. 

In assessing the role of various factors which contribute to defective myo- 
cardial function, it is convenient to attempt some grouping based on common 
mechanisms in the pathogenesis of failure. One feature in particular stands 
out: in the vast majority of diseases, where death from failure is not relatively 
rapid, the myocardium responds to damage or to increased work requirements 
by hypertrophy. When failure finally supervenes, it is the myocardium with 
hypertrophied myofibers which fails. 


MYOCARDIAL DISEASE 


1. Acute Massive Necrosis of Mvyofibers——Acute destruction of muscle 
fibers may be so extensive that heart failure and death rapidly supervene. Such 
destruction may be diffuse, as that seen in diphtheritic myocarditis and other 
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forms of toxic and infectious myocarditis. In these lesions, focal but widespread 
necrosis of myofibers occurs (Fig. 1), and it seems reasonable to conclude that 
the remaining muscle, either normal or showing lesser degrees of damage, cannot 
maintain normal cardiac output. 

A similar situation exists when massive myocardial infarction destroys 
a large portion of the left ventricle (Fig. 2). Here, too, the rapid development 
of fatal failure may be presumed to result from the inability of the remaining 
muscle to perform the work necessary to maintain cardiac output. 

In both the diffuse and localized type of myocardial necrosis, failure may 
be considered a result of quantitative insufficiency of muscle. In addition, the 
sharp reduction in cardiac output, and consequently of coronary blood flow, 
may result in further damage to uninvolved myofibers, so that changes of the 
type to be described later may be superimposed on simple loss of muscle mass. 

Frequently, indeed most often, myocardial necrosis does not lead immedi- 
ately to fatal congestive failure. In survivors, the work requirement of each 
remaining myofiber must of necessity be increased if cardiac output is to be 
maintained. These residual fibers undergo hypertrophy (Fig. 3) and when sig- 
nificant failure does appear, it is enlarged fibers which no longer function ade- 
quately. These hearts then must be classified as forms of the major common 
category in failure, ‘‘hypertrophic’’ heart disease, which will be discussed later. 

2. Interstitial Myocardial Disecse.—In certain instances of so-called Fiedler’s 
or isolated myocarditis, in the nonspecific myocarditides associated with infectious 
disease, in the myocarditis accompanying nephritis, and that seen in association 
with hypersensitivity reactions, the inflammatory infiltrate in the interstitial 
tissues of the heart is accompanied by little or no evidence of damage to myo- 
fibrils. The inflammatory reaction may well be out of proportion to any evident 
muscle lesion, and the limited injury to contractile elements certainly does 
not explain the myocardial insufficiency which may be present (Fig. 4). 

Perhaps the most striking, and by far the most common, condition in which 
interstitial disease is accompanied by severe congestive failure is rheumatic 
fever. In acute rheumatic myocarditis, without significant anatomic deformity 
of valves, the myofibers are for the most part unaltered, but the characteristic 
interstitial inflammatory reaction is present in the form of the Aschoff body 
(Fig. 5). Congestive failure may be a prominent manifestation. It has been 
pointed out that as yet there is no adequate explanation of the mechanism by 
which this interstitial reaction impairs the function of the myocardium.'? It 
is particularly interesting to note that, in inactive rheumatic heart disease with 
mitral stenosis, there is, in some cases, physiologic evidence of impaired left 
ventricular function in the absence of histologic alteration of the myocardium.’ 

In patients dying in the eighth decade or above, there is seen occasionally 
a type of amyloidosis limited to the heart.‘°: This deposit takes the form of 
minute nodular subendocardial deposits in the atria, where the lesion may be 
recognized grossly, and also involves the myocardium. In the latter site, indi- 
vidual myofibrils are surrounded, compressed, rendered atrophic, and eventually 
completely replaced by amyloid (Fig. 6). Neighboring muscle fibers may be 
hypertrophied, but the weight of the heart is usually not much increased. Ex- 
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Fig. 1.—Diphtheritic myocarditis. Acute massive destruction of muscle. The myofibers are 
swollen and fragmented with clumped eosinophilic cytoplasm. Nuclei and cross striations are lost. 
(Hexatoxylin and eosin; reduced 1%.) 

Fig. 2.—Infarction. Early ischemic necrosis in which anuclear myofibers with loss of striations 
are seen. No inflammatory reaction is present as yet. (Hematoxylin and eosin; X480; reduced 4). 

Fig. 3.—Hypertrophy of residual muscle fibers following extensive infarction which has healed. 
(Hematoxylin and eosin; X 480; reduced 4%.) 
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In spite of intense interstitial exudation, the muscle 


fibers are not demonstrably altered. (Hematoxylin and eosin; X480; reduced %.) 

Fig. 5.—Rheumatic myocarditis. The characteristic interstitial Aschoff body is accompanied by 
little evidence of myofiber damage. (Hematoxylin and eosin; 480; reduced 1%.) 

Fig. 6.—Amyloidosis of myocardium. Muscle fibers are surrounded and replaced by deposits 
of amyloid. There is hypertrophy of myofibers in areas of lesser or absent involvement. (Hematoxylin 


and eosin; X 480; reduced %.) 


Fig. 4.—Acute interstitial myocarditis. 
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tensive involvement of this tvpe may lead to congestive failure and, because 
of the age of the patient, the clinical diagnosis is often arteriosclerotic heart 
disease. 

3. Metabolic Heart Disease.—There is a group of conditions characterized by 
congestive failure in which the initiating factor is a deficiency in, or an inability 
to utilize, oxygen and substrate. These include anemia, beriberi, and hypo- 
volemic shock. Although the metabolic level at which the deficiency manifests 
itself varies, and is discussed in detail elsewhere in this symposium, they may 
conveniently be grouped here because, interestingly, the morphologic lesion 
as disclosed by the light microscope is similar in all.7°> It consists of fatty change, 
so-called hydropic degeneration, and swelling of the myofibers (Fig. 7). In the 
advanced form, this damage may progress to actual necrosis. Since the energy 
derangement in anemia and beriberi is aggravated by increased work require- 
ments brought about by increased blood flow and increased cardiac output, 
hypertrophy is usual in these conditions. How such metabolic deficiency results 
in the particular degenerative changes in the myofiber is not as yet understood. 
It is worthy of note that another cause of myofibril necrosis, when examined at 
the level of the energy-producing system of the muscle, reveals itself to be classi- 
fiable as a metabolic disease in the sense in which we have used the term. Thus, 
as will be pointed out later, the action of diphtheria toxin may be to block the 
oxidation of succinate.® 


Fig. 7..—Myocardium in severe anemia. Muscle fibers are swollen and vacuolated with loss of 
cross striations. Comparable lesions are seen in beriberi and in shock. Where changes have not pro- 
ceeded to actual necrosis, they may be reversible. (Hematoxylin and eosin: x 480; reduced 4.) 


4. Arteriosclerotic Heart Disease.—The term arteriosclerotic heart disease 
implies much more than the presence of atherosclerosis of the coronary arteries. 
To the pathologist, this designation indicates that such sclerosis has resulted 
in a significant degree of myocardial ischemia. It is immediately obvious that 
this disorder might properly be included in the preceding category of ‘‘meta- 
bolic’ heart disease, since it is certainly an example of myocardial derangement 
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secondary to a deficiency in oxygen and substrate. Indeed, in areas of lesser 
damage one may observe swelling and fatty change identical with those of anemia, 
beriberi, and shock (Fig. 8). In the arteriosclerotic heart, however, the conse- 
quences of ischemia are likely to be more striking in that actual necrosis of myo- 
fibers occurs more frequently and often involves a larger area. Necrosis results 
in focal areas of replacement of myofibers by fibrous tissue—the pathologic 
counterpart of angina—or larger scars which represent healed areas of infarction. 


Fig. 9. 


Fig. 8.—Myocardium in ischemia secondary to advanced coronary artery sclerosis. Swelling and 
vacuolation of myofibers with loss of striations is quite comparable to that seen in Fig. 7. (Hematoxylin 


and eosin; X 480; reduced 1%.) 
Fig. 9.—Focal fibrosis of myocardium in arteriosclerotic heart disease. This change was extensive 
and is accompanied by hypertrophy of residual myofibers. (Hematoxylin and eosin; X 480; reduced %.) 


When fibrosis becomes extensive, the residual myofibers undergo hypertrophy 
(Fig. 9) and, when failure supervenes, it is again, in a sense, the hypertrophied 
fiber which is failing. ; 

5. “Hypertrophic” Heart Disease.—There are instances of striking hyper- 
trophy, particularly in hypertension and in valvular heart disease, in which failure 


Fig. 8. 
hy 
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develops in the presence of no other significant morphologic myocardial alteration 
(Fig. 10). We have made the point, however, that in many forms of heart disease 
associated with myofiber damage, residual myofibers undergo hypertrophy. 
These also must be included as forms of hypertrophic heart disease, since the 
individual enlarged myofiber may be considered inadequate when failure de- 
velops after a period of compensation. Thus, the mechanisms by which this 
inadequacy develops may be considered to be a central problem in the pathology 
of congestive failure. For a time, much interest was evoked by demonstrations 
of the disproportion between myofiber size and capillary supply.'? Measure- 
ments of coronary artery size! and perfusion of hypertrophied hearts,’ however, 
have indicated that coronary flow and perfusion may be perfectly adequate. 


The hypothesis of myocardial ischemia in hypertrophy is further weakened by 


the absence of those degenerative changes in myofibers just described as charac- 
teristic of a significant deficiency in oxygen or substrate supply. The absence 
of such changes might, in a sense, be considered the morphologic counterpart 
of Bing’s demonstration that utilization of substrate and energy production are 
normal in the failing heart, but that the defect lies in energy utilization by 
contractile elements.” 


Fig. 10.—Hypertrophy in a failing heart without other evidences of myofiber damage. Section 


taken from right ventricle of a patient with cor pulmonale. (Hematoxylin and eosin; 480; reduced 


4.) 


It is clear, then, that many of the problems of mechanisms of failure in 
heart disease have been illuminated by a study of morphologic changes as seen 
in the light microscope. Others, such as the nature of failure in hypertrophy, 
rheumatic myocarditis, and interstitial myocarditis remain unanswered. The 
intimate relationship between gross myofiber swelling and fatty change and 
deficiencies in oxygen or substrate supply remains to be worked out. Alterations 
in the ultimate contractile elements, the myofibrils and myofilaments, in in- 
stances of apparent defective transformation of energy into work, have not as 
yet been studied. The means for such extensions of morphologic observations 
and their correlation with biochemical investigations now appear to be at hand. 
The remainder of the discussion will concern itself with a description of the 
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newer techniques of electron microscopy and histochemistry and of their still 
limited application to heart disease. 


THE ELECTRON MICROSCOPY OF CARDIAC MUSCLE 


The pathologist who uses the electron microscope in the study of diseased 
cardiac muscle at once finds himself at a disadvantage when interpreting changes 
in fine structure; there is yet no general agreement among investigators con- 
cerning the composition of the normal myofibril. Hodge, Huxley, and Spiro," 
who 5 years ago published a joint paper on muscle ultrastructure, have since 
diverged in their interpretation of certain findings, so that one is faced with 
three different but not totally incompatible models of the cardiac myofibril. 
As an understanding of the appearance of the myocardial components in their 
physiologic state is necessary before the structural alterations of disease can be 
appreciated, a brief discussion of normal ultrahistology and the major differences 
in interpretation is not out of place in this presentation. 


1. The Contractile Elements~—Myocardium under the light microscope 
consists of a syncytial arrangement of cross-striated fibers which are composed 
of packets of myofibrils, each with an average diameter of 1 to 2 uw. The elec- 
tron microscope shows (Fig. 11) that these myofibrils consist of parallel arrays 
of myofilaments ranging in diameter from 40 to 110 Angstrom units, and ex- 
hibiting a longitudinal periodicity of about 400 A. The alternating aniso- 


tropic (A) and isotropic (1) bands of the myofibril stand out with remarkable 
clarity. Extraction studies suggest that the anisotropism of the A band is due 
to its high myosin content and actin, although found in both A and I bands, 
is concentrated in the I band. The I bands are transected by electron-opaque 
Z membranes; the amount of myofibrillar substance between two Z membranes 
is called a sarcomere, and represents the functional and structural unit of cardiac 
muscle. The H zone is a relatively electrolucent area in the midportion of the 
A band, and during contraction a thin, dark strip, the M band, sometimes appears 
in the center of this zone. Other bands and zones have been described during 
various stages of muscular action but are an inconstant finding and best ignored. 


The present controversy among electron microscopists investigating the 
fine structure of the myofibril centers on the exact composition and _ interre- 
lationship of the myofilaments during the contractile process. The remarkable 
electron micrographs of Huxley" lend support to his ‘‘sliding filament’ model. 
These micrographs indicate that the longitudinal myofilaments do not traverse 
all bands of the sarcomere but are discontinuous, consisting of two distinct 
sets of filaments of different diameter and molecular structure in each sarcomere. 
Thick myosin filaments with a diameter of 110 A are confined to the A band. 
Thin (40 A ) actin filaments are attached to the Z membrane, and interdigitate 
with the myosin filaments within the A band. Thus, according to Huxley, the 
I bands contain only actin filaments, the A bands a mixture of myosin and actin 
filaments, and the H band in the relaxed muscle only myosin filaments. Where 
the two filament types interdigitate, each actin filament is seen to lie symmetri- 
cally among three thick myosin ones, in a monotonous hexagonal array. 
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Cross-bridges linking the thick and thin filaments project from the myosin 
components ina helical fashion at intervals of 60 to 70 A. This pattern recurs 
every 400 A along the filament, accounting for the periodicity noted by earlier 
observers. Huxley believes that these cross-bridges play an important part 
in muscular contraction by drawing the thin filaments into the A band, thus 
progressively decreasing the width of the I band and causing the H band to 
disappear as the actin filaments from opposite sides meet in the center of the 
sarcomere, forming the M band by “‘crumpling”’ together. It is generally ac- 
cepted that muscular shortening involves the association of actin with myosin, 
and that this complex function is related to adenosinetriphosphate (ATP) split- 
ting. Huxley postulates that the cross-bridges are H-meromyosin, a subunit 
of the myosin molecule which can combine with actin and which functions as 
an adenosinetriphosphatase (ATPase), thus converting chemical energy into 


mechanical motion. 


Fig. 11.—Electron micrograph of striated muscle. A—anisotropic zone; I—isotropic zone; Z— 
Z band; M—M band: \4T7C—mitochondria. The faint parallel lines within the myofibrils represent 
myofilaments. (51,000: reduced 4%.) (Courtesy of Mr. Michael Ross, New York University College 
of Medicine.) 


The myofibril models of Hodge'® and Spiro!’ hold to the classical view that 
the myofibril contains only a single set of myofilaments which extend in a con- 
tinuous manner through all levels of the sarcomere. Hodge, like Huxley, is 
impressed with the system of transverse bridges linking adjacent filaments and 
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with the hexagonal pattern of these filaments when the myofibril is examined 
on end. Spiro implies that in the resting state only thin (actin) filaments are 
observed, which merge to form thick 140 A fibers within the H zone, while myosin 
is dispersed in macromolecules between the thin filaments in the A band, thereby 
accounting for the electron density and anisotropism of this zone. Muscular 
contraction is achieved by the association of the actin bands and myosin mole- 
cules to form thick bands with a supercoiled structure. 


2. Mutochondria.~—The major difference between skeletal and cardiac 
muscle lies not in their myofibrillar structure, which is essentially identical, 
but in the number of mitochondria. Mitochondria are the site of probably all 
respiratory activity in the heart!’ and, through the mechanisms of the tricarbo- 
xylic acid cycle and oxidative phosphorylation, provide high energy phosphate 
bonds for myofibrillar contraction. Since it must contract uninterruptedly, 
cardiac muscle requires a much larger quotient of respiratory enzyme systems, 
and consequently is supplied with a greater number of mitochondria than is 
skeletal muscle; Kisch'® has calculated that the ratio of heart mitochondria to 
psoas mitochondria is 500:1. The mitochondria of the heart are found in closely- 
packed rows between the myofibrils. Lesser collections are located under the 
sarcolemma and near the nucleus. The intimate apposition of mitochrondria 
to myofibril reflects its role as energy supplier to the contractile element, and 
assures a minimal diffusion loss of inorganic phosphate and adenosinediphosphate 
(ADP) returning to the structure for rephosphorylation. 


With the electron microscope, the cardiac mitochondrion is a round or oval 
structure, measuring 0.5 to 1 by 1 to 2 uw (Fig. 12). It is limited by a double 
membrane. The inner membrane is thrown into parallel series of platelike 
folds (cristae mitochondriales), which lie perpendicular to the long axis of the 
organelle.2?. This internal convolution undoubtedly provides a larger reaction 
surface for the numerous enzyme systems, which Cleland and Slater!’ have 
localized to the membranes. The number of cristae in cardiac mitochondria 
is greater than that encountered in those of any other tissue.*! Schneider” 
suggests that the orderly arrangement of these infoldings may be a reflection 
of the steplike progression of the enzymatic reactions going on within the mito- 
chondrion. The membranous covering of the body would appear to be its im- 
portant functional element, as it contains little besides a small amount of granu- 
lar material. 

3. Sarcoplasmic Reticulum.—The importance of this lacelike network of 
minute (200-1,000 A) tubules and vesicles located in the sarcoplasm of mammalian 
cardiac muscle has recently been emphasized by Moore and Ruska” and Porter 
and Palade.*!. The net envelops the sarcomeres and passes laterally to the sar- 
colemma; it also connects the outer nuclear membrane with the contractile 
material and the sarcolemma. It has been proposed that the plasma membrane 
limiting the tubular system is polarized like the sarcolem, and that the corre- 
sponding potential difference is used in the distribution of the excitatory impulse 
from the cardiac pacemaker into the interior of the muscle cell.*! The intra- 
cellular transfer of metabolites may also be effected by the network. 
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4. Intercalated Disc.—Electron microscopy** has revealed the inter- 
calated disc to consist of adjoining plasma membranes separated by a 150 A 
interspace. Myofibrils and all other structures terminate at this hiatus, indi- 
cating that the former concept of the heart as a huge syncytium must be replaced 
by one which considers the myocardium as a cellular structure like the other 
organs of the body. 

5. Other Structures.—The ultrahistology of the cardiac nucleus and vascu- 
lar system appears not to differ from that of other organs. The sarcolemma 
consists of a dense outer membrane and a more electron-lucent inner plasma 
membrane which, together with the plasma membrane of the adjacent cell, 
forms the intercalated disc.” Miscellaneous lipid bodies and small, dark granules 
are scattered throughout the sarcoplasm. 


Fig. 12.—Electron micrograph of mitochondria in myocardium. Cristae mitochondriales are num- 
erous. The cross-sectioned myofilaments demonstrate a latticelike arrangement. (50,000; reduced 
3%.) (Courtesy of Dr. Councilman Morgan, College of Physicians and Surgeons.) 


6. Conduction System.—The solitary comprehensive electron microscopic 
study of the fine structure of the conduction system is that of Muir.?? The 
Purkinje fiber is comprised of short, separate cells divided by a simple form of 
intercalated disc. Myofibrils and mitochondria are much less numerous than 
in normal contractile cells, and are crowded toward the periphery by a central 
accumulation of glycogen which contains fragmented fibrils which do not exhibit 
a Z membrane or a well-marked banding pattern. The sparseness of mitochon- 
dria in the Purkinje fiber, as compared to normal myocardium, probably accounts 
for its lower oxygen requirement.?° 

Electron microscopic study of muscle altered by disease is still in the em- 
bryonic stage. Moore, Ruska, and Copenhaver®®? have examined mice limbs 
rendered ischemic by tourniquet application for 2 hours. Mitochondria swelled 
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to 2 to 4 times normal diameter (probably secondary to the entrance of hypo- 
tonic fluid), but only rarely exhibited a fragmented inner reaction membrane 
or rupture of the entire double membrane. Histochemical determination of 
succinic dehydrogenase performed at the same time showed only a slight decrease 
in the activity of the respiratory enzyme. This suggests that the mitochondrion 
can withstand prolonged hypoxia. The tubules of the sarcoplasmic reticulum 
often showed osmotic swelling and rupture, but myofibrils did not change in 
volume. Discoid degeneration of myofibrils took place only in stretched fibrils 
where I bands were present, indicating that myosin is more resistant to the 
challenge of ischemia than is actin, which has its highest concentration in these 
bands. Paralyzed, passively contracted muscle did not show degeneration; 
whether or not this apparent preservation of the immobile myofibril was due 
to its inactive state was unresolved by the authors. Since cardiac muscle must 
continuously contract and relax if the organism is to survive, any such pro- 
tective splinting action would be impossible in the ischemic heart. 

Recently, Poche*® has described the electron microscopic changes in rats 
following phosphorus poisoning, starvation atrophy, and dietary potassium 
deficiency. In addition, he has presented the first study of cardiac hypertrophy 
inman. His human material consisted of the hypertrophied auricular appendage 
removed during commissurotomy for mitral stenosis in 3 individuals. In these 
auricles, he found the sarcoplasmic reticulum to be widened and the peripheral 
sarcoplasm increased, resulting in arcadelike bulges of the sarcolem. Most 


interesting, however, was an increase in number and size of the myofibrils, with 
an alteration of the myofibril-mitochondrial ratio in favor of the myofibrils. 
The implication of this observation is that the contractile elements, enlarging 
and increasing in hypertrophy, might possibly outstrip their energy sources. 


THE HISTOCHEMISTRY OF CARDIAC MUSCLE 


Although the histochemical localization of the various enzyme systems, 
inorganic and organic constitutents of the myocardium, and their alterations 
in disease have not yet been extensively studied, even a partial survey of work 
to date suggests the possibilities inherent in this mode of inquiry. 

Succinic dehydrogenase, an enzyme of the cytochrome system which ac- 
tivates succinic acid so that it may be oxidized through this system, has received 
the most attention from histochemists investigating the heart, since it is present 
in high concentration in normal tissue, withstands the processes of fixation and 
preparation well, and can be detected by any of the excellent procedures utilizing 
tetrazolium salts. Pearson*' recently has described succinic dehydrogenase 
activity in fine, uniform granules which appear, under the light microscope, 
to be arranged in parallel rows along the cardiac myofibrils. This undoubtedly 
represents mitochondrial localization (Fig. 13). _Wachstein and Meisel® demon- 
strated decreased dehydrogenase activity in infarcted human myocardium as 
early as 2 hours after initial clinical symptoms, not only in histologically damaged 
fibers (that is, those showing myofibrillar change as indicated by loss of cross- 
striation) but also in areas where no ischemic degeneration could be noted in 
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routinely-stained material. They have, therefore, suggested routine employ- 
ment of this relatively easy histochemical determination as a sensitive indicator 
of damage in those cases where the pathologist cannot demonstrate histologic 
change in the myocardium of the patient dying shortly after coronary occlusion. 


Fig. 13. 


Fig. 13.—Mitochondrial localization of succinic dehydrogenase in rat myocardium. Formazan 
deposition is confined to these bodies, which are arranged in linear array between the myofibrils. (2,750; 
reduced 

Fig. 14.—Histochemical localization of adenosinetriphosphatase in rat myocardium. Rather 
diffuse activity is noted in the myofibrils but there is a suggestion of linear concentration along fibrillar 
elements. The cross-striations are also emphasized. (52,600; reduced %.) 


Some indication of the investigative pathways opened to the pathologist 
by the introduction of histochemical methods is provided by the work of Must- 
akallio.* Heart failure in diphtheria patients, as mentioned previously, is ac- 
companied by a myocarditis characterized by edema, myofibrillar degenerative 
changes, and secondary interstitial leukocytic infiltrate. The mode of action 
of diphtheria toxin in precipitating heart failure has been postulated®** to be 
interference with the normal function of cytochrome }, since the toxin is closely 
related in structure to the protein moiety of this respiratory compound. If 
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oxidation of succinate is blocked by diphtheria toxin, one might expect to find 
increased levels of succinic dehydrogenase in the heart; Mustakallio interpreted 
his histochemical preparations as demonstrating such an increase. 

In normal cardiac muscle, histochemical determination of both ATPase 
(Fig. 14) and protein-bound sulfhydryl groups shows a rather intense, diffuse 
reaction confined to the myofibril.*-** Intact sulfhydryl groups are believed 
essential for the action of myosin AT Pase*® and for the combination of actin 
with myosin. Padykula and Herman* found, accordingly, that sulfhydry! 
inhibitors such as Salyrgan reduced the amount of ATPase demonstrable in 
their histochemical sections,and that British anti-lewisite (BAL) a sulfhydryl- 
rich compound, enhanced ATPase staining. Histochemical determination 
of these two components in diseased hearts has been very limited; Reiner and 
associates®? in their study of 17 infarcted human hearts, detected an increased 
sulfhydryl reaction, probably due to the unmasking of previously unavailable 
groups secondary to protein denaturation. 

Other enzymes which have been studied in heart preparations are choli- 
nesterase and phosphorylase. Carbonell*® found that the conduction system, 
which cannot always be easily recognized morphologically, could be nicely 
delimited by its action on a palmitoylcholine substrate, which was not hydro- 
lyzed by normal cardiac muscle fibers. 

Takeuchi and his colleagues*!’* studied phosphorylase activity in the heart; 
this enzyme was distributed heavily in all muscle fibers, surprisingly enough 
not being more prominent in the glycogen-rich conduction system. Enzyme 
activity was increased in alloxan-produced diabetes, while the skeletal muscle 
of the same animal showed a weakened activity, even when the phosphorylase 
activator adenylic acid was added to the substrate. 

The distribution of ionic potassium in healthy and ischemic myocardium 
has recently been studied, using a modified cobaltnitrite technique. Normally 
postassium, which is involved in the transphorylation of phosphopyruvate with 
ATP, is found in small ‘‘beads’’ arranged longitudinally along the myofibril; 
this probably represents mitochondrial loci. The subendocardial Purkinje 
fibers are especially rich in the cation. Poppen’s group* found that glycogen 
deposition as a rule tended to parallel that of potassium. Areas of infarcted 
myocardium become depleted of potassium and glycogen,*’:**.*4 while the zone 
of vacuolated but presumably viable muscle bordering the necrotic area showed 
an increased concentration of both (Fig. 15). These authors speculate that 
this zonal alteration might be the physioanatomic basis for the occurrence of 
arrythmias in coronary artery disease, since the border cells closely resemble 
conduction fibers in appearance, and in glycogen and potassium concentration. 

The hearts of rats fed a potassium-deficient diet contain areas of myofibril- 
lar degeneration characterized by an affinity for the periodic acid-Schiff reagent. 
This persists after diastase digestion, indicating that the PAS-positive material 
is not glycogen. A similar reaction to the Schiff reagent has been reported in the 
so-called ‘“‘basophilic degeneration”’ of the heart,*® as well as in the swollen, dis- 
organized fibers of the early myocardial infarct.4s The substance is probably 
a mucoprotein or mucopolysaccharide (Fig. 16). 
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Histochemical localization in cardiac muscle by light microscopy is no- 
toriously poor. Certainly, precise definition of chemical malfunction in terms 
of fine mitochondrial and myofilamentous alteration is impossible utilizing this 
instrument. Recent work by Barrnett and Palade*’? with the electron micro- 
scope has opened an entirely new field of histochemical investigation. As an 
example, by employing tellurite as hydrogen ion acceptor from the dehydrogenase 


Fig. 15.—Periodic acid-Schiff preparation of vacuolated subendocardial fibers adjacent to area 
of recent infarct. The dark, Schiff-positive material disappears with saliva digestion, indicating that 
it is glycogen. (X600; reduced \%.) 

Fig. 16.—Schiff-positive fiber in myocardium with so-called ‘‘basophilic degeneration.’’ Note 
the parallel linearity of the staining, suggestive of myofibrillar alteration. This is resistant to both saliva 
and hyaluronidase digestion. (45; reduced \%.) 


systems of cardiac muscle, these authors were able to demonstrate the precipi- 
tation of crystals of reduced, electron-opaque tellurite measuring 1,000 by 100 
to 200 A in clusters close to the cristae mitochondriales, where the respiratory 
enzymes might be expected to occur. No crystalline ‘precipitate was found else- 
where in their electron micrographs. 
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Likewise, in the rat diaphragm, they were able to show that acetylcholi- 
nesterase precipitated discretely at the M bands of each myofibril. In cardiac 
muscle, where the light microscope revealed no site of high enzyme activity, the 
final product was also deposited precisely at the M bands. 

The electron microscopic demonstration of histochemical activity would 
appear to be more suited to some of the dehydrogenase systems, and to the disul- 
fide and sulfhydryl groups of protein than to the various hydrolases, which are 
notoriously difficult to localize with accuracy.°® 

Another technique which is available for use by students of diseased myo- 
cardium is the process, developed by Draper and Hodge,*! by which muscle is 
microincinerated within the electron microscope. The ash.of the cross-bridges 
between adjacent actin and myosin myofilaments consists almost entirely of 
the salts of calcium and magnesium, according to these investigators. This 
correlates well with Perry’s proposal*® that the function of magnesium (which 
by general agreement plays an important role in muscle contraction) is to serve 
as a link between actin and myosin, by attaching to both a sulfhydryl group of 
myosin and a nucleotide prosthetic group of actin. 


SUMMARY 


It may be stated that the newer techniques of electron microscopy and 
histochemistry appear ideal for the study of the ultimate pathogenesis of the 
failing myocardium. Investigations of the ultrastructure of myofilaments and 
mitochondria, together with changes in sulfhydryl groups, adenosinetriphos- 
phatase activity, and magnesium, as well as variations in activity of the respira- 
tory enzymes, promise new insight into the mechanisms of congestive failure. 


Photomicrographs were taken by Mr. Robert Waldeck. 
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ECENT advances in the diagnosis and treatment of clinical heart disease, 

aided by the techniques of cardiac catheterization, angiocardiography, and 
open heart surgery, have made over-all organ malfunction of the heart one of 
the best definable phenomena in medicine. Strikingly in contrast with this 
excellent ability to measure cardiac organ dysfunction is our relative ignorance 
of the precise biochemical events which lead to continued vigorous myocardial 
contractility under some adverse hemodynamic conditions and to congestive 
heart failure under others. The fact that most of the work of the heart is me- 
chanical has misled many to take a ‘‘mechanical’’ view of cardiac dysfunction 
and failure and overlook the fact that the source of the energy and the sequence 
of reactions which culminate in cardiac systole are biochemical, not mechanical. 
In fact, there seems little doubt that the pathogenesis of congestive heart failure 
will ultimately be explained in terms of specific biochemical lesions sometimes 
consequent to, and sometimes antecedent to, the hemodynamic changes observa- 
ble in the circulatory system. At present, our knowledge of these defects is 
rudimentary, partially because knowledge of the normal cellular physiology of 
cardiac muscle is limiting, and partially because definitive studies of human 
subjects suffering from congestive heart failure of various etiologies is lacking. 
Despite the inadequacies of our knowledge, working hypotheses exist as a guide 
for future research. The purpose of this presentation is to review the evidence 
which has been obtained regarding biochemistry of the heart in man and experi- 
mental animals under physiologic conditions and in congestive heart failure. 


THE MODEL 


As a basis for understanding the function of the heart in health and disease, 
the model shown in Fig. 1 is presented. Notwithstanding its abbreviated form 
and the controversy which centers around certain aspects of it (mechanism of 
contraction), it may serve a useful purpose in discussing the normal and abnormal 
cellular physiology of the heart. In this model, metabolic processes in heart 
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muscle are divided into three general phases: (a) energy liberation, (b) energy 
conservation, and (c) energy utilization. In the phase of energy liberation, the 
carbon-carbon and carbon-hydrogen bond energy of substrate is liberated as 
chemical free energy. The fuel of cardiac muscle, which consists chiefly of glu- 
cose, lactate, pyruvate, and fatty acids (NEFA), is extracted from the coronary 
blood and metabolized to a common intermediate, acetyl-coenzyme A. The 
acetyl group condenses with oxalacetate to yield citrate and then is degraded 
stepwise through the well-known reactions of the Krebs tricarboxylic acid cycle! 
to yield eight hydrogen atoms or electrons (H = H*t+ e) which represent the 
energy content of the acetyl fragment. These energy-rich electrons are then 
transferred stepwise along a chain of hydrogen transport enzymes to oxygen. 
These events take place in the mitochondria or sarcosomes which are particularly 
abundant in heart muscle and account for the high concentration of hydrogen 
transport enzymes (dehydrogenases, flavoproteins, and cytochromes) present 
in this tissue. 


UTILIZATION 


LIBERATION |CONSERVATION 


Fatty Acids++—.  (Lipolysis) 
Glucose \(Glycolysis) 
Lactate | 


ACTOMYOSIN 


CARDIAC / \ | CARDIAC 


FUEL ’ 
Ac+OAA 


WORK 


\ 
P+ADP ACTIN + MYOSIN 


Fig. 1.—Schema of energetics in cardiac muscle. 


The next phase of cardiac energetics, that of energy conservation, includes 
those reactions which conserve the energy liberated in substrate oxidation. Dur- 
ing hydrogen or electron transport from substrate to oxygen, the high energy 
of the electrons released from substrate is reduced through energy transfer re- 
actions until they are so energy-poor they settle into the orbit of oxygen without 
commotion. Since adenosinetriphosphate (ATP) is the final recipient of the 
energy transferred from electrons undergoing transport, this process of energy 
conservation is known as oxidative phosphorylation. Although some oxidative 
phosphorylations occur at the substrate level in glycolysis and in tricarboxylic 
acid cycle oxidations, and hence do not involve coupling to the enzymes of the 
respiratory chain, some 90 per cent of the energy obtained by heart muscle does 
involve this latter process. It appears that during the passage of two electrons 
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from substrate to oxygen via the pyridine nucleotides, flavoprotein, and the 
cytochromes, a minimum of 3 moles of ATP are formed in coupled reactions 
at three sites in the respiratory chain specified below’: 


b-Cyt c-Cyt a-Cyt 


{ 
ATP ATP ATP 


The uptake of inorganic phosphate appears to occur by direct reaction with 
an energy-rich enzyme bearing a hydrogen transport coenzyme (for example, DPN) 
in the oxidized form. The discovery that ubiquinone’ or coenzyme Q,‘ a benzo- 
quinone having a long isoprenoid side-chain, is part of the lipoprotein micelle 
concerned with electron transport between cytochrome 6} and c makes this novel 
quinone a candidate for such a phosphate trapping role. Other quinones (vitamin 
K) may be similarly involved. The phosphoenzyme then appears to react with 
adenosinediphosphate (ADP) to form ATP via a phosphotransferase.’ The 
average P:O ratio of 3.0 for the oxidation of fat and carbohydrate signifies that 
about 65 per cent of the chemical bond energy of these substrates is converted 
to the high-energy bonds of ATP. Creatine phosphate serves as a high-energy 
phosphate buffer of small capacity (10 to 15 mg. per cent P) in cardiac muscle, 
transferring its phosphate group to ADP without energy loss through the action 
of creatine phosphotransferase. 

The third phase of cardiac energetics is that of energy utilization. In this 
phase, high-energy phosphate bond energy is channeled into the contractile 
mechanism and results in the performance of mechanical work. There is con- 
siderable controversy about the molecular events of the final contractile process. 
Although most investigators agree that two proteins, actin and myosin, associate 
to form the contractile element, no less than five models®-'? have been proposed 
to account for the cycle of contraction and relaxation. Furthermore, most of 
these conclusions have been based upon studies of skeletal muscle as relatively 
little work has been carried out with heart muscle. The pioneer studies of Szent- 
Gyorgyi and his associates’ led to the identification of the three proteins involved 
in the contractile cycle, namely, myosin (myosin A), actin, and actomyosin 
(myosin B). Myosin isolated from rabbit skeletal muscle has been studied in 
a number of laboratories. Estimates of molecular weight have ranged from 
1,500,000" to 389,000." The higher molecular weights obtained in the earlier 
studies now appear to be artefactual and attributable to mild denaturation and 
aggregation. Assuming a molecular weight of about 440,000 to represent the 
physiologic state of skeletal myosin," its size would be that of a rodlet 1,200 
by 25 A™ with an axial ratio of 48. Of interest, however, is the fact that mild 
tryptic digestion produces discrete subunits of skeletal myosin'® which have been 
called H-meromyosin (heavy) and L-meromyosin (light). The former has a 
molecular weight of 240,000 and approximate dimensions of 400 by 25 A; the 
latter has a molecular weight of 100,000 and dimensions of 600 by 15 A. These 
weights suggest that 2 H-meromyosins and 1 L-meromyosin are derived from 
each skeletal myosin. Dissociation of myosin into even smaller subunits has 
been noted upon treatment with urea solutions.'”'* These data suggest that 
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skeletal myosin is chemically ‘‘pleomorphic’’ and held together with many ac- 
cessory as well as covalent bonds. Studies in our laboratory!®:° have shown 
that myosin isolated from dog heart is of lower molecular weight than that from 
rabbit skeletal muscle. Estimates of molecular weight from sedimentation and 
diffusion constants and light scattering measurements are in good agreement 
with a value of 226,000 and a size of 690 by 28 A with an axial ratio of 24. The 
higher value for the molecular weight for dog heart myosin obtained by Gergely”! 
is apparently due either to contamination by actomyosin or mild denaturation. 
Cardiac myosin thus appears to be approximately half as long and half as large 
as skeletal myosin and does not yield a distinct meromyosin upon tryptic di- 
gestion.” The possible relationship of cardiac myosin to the H-meromyosin 
from skeletal muscle. which it resembles in size and shape, is under investigation. 

Actin G from skeletal muscle consists of rods 290 by 24 A with a molecular 
weight of 70,000. In the actin G—actin F transformation which is catalyzed 
by ATP,’ these rodlets dimerize and then aggregate to yield a long fibrous protein 
with a molecular weight of 1,500,000, and appear to account for the continuous 
filaments seen in striated muscle in the electron microscope.’ Actin G from 
cardiac muscle appears to polymerize to actin F with more difficulty.2? This 
actin F appears to be a reactant in the ultimate contractile process. It combines 
nonstoichiometrically with 3 to 4 parts by weight of myosin to form the acto- 
myosin fibril which is an insoluble at cellular ionic strength. It appears to bea 
macromolecule of the order of 20,000,000 in particle weight, about 150 A wide 
and about 1.5 (15,000 A) long, traversing the entire length of the sarcomere. 
According to Huxley and Hanson,’ some concentration of myosin occurs in the 
A-bands of the fibril. 

Although ions, ATP, actin F, and myosin all play a role in the contractile 
cycle, there is no general agreement on the precise events. For the purposes 
of this discussion, the relatively simple schema of the contractile process in Fig. 1 
is presented. In late diastole, actomyosin is assumed to be in the elongated, 
relaxed, and energy-rich state. Cellular ATP is ‘‘inactive’’ by virtue of adsorption 
to the actomyosin fibril. With the passage of the wave of excitation, depolari- 
zation of the membrane occurs with potassium egress and a corresponding alter- 
ation of the ionic environment. The change in electrostatic forces in the cell 
resulting from this excitation could be the immediate stimulus for shortening 
and dissociation of actomyosin. There is very little evidence that hydrolysis 
of ATP occurs during systole.**> At the end of systole, however, the reactions 
leading to recovery begin. 

Myosin, in the globular form, is a good adenosinetriphophatase (AT Pase),”® 
although the activity of cardiac myosin is considerably less than skeletal myosin, 
and may liberate sufficient energy in the hydrolysis of ATP to reform the energy- 
rich actomyosin. The ADP formed in the reaction would stimulate hydrogen 
transport and result in resynthesis of ATP. The function of ‘‘relaxing factors’’?’:?5 
may be simply to inhibit ATPase activity of myosin in the actomyosin complex. 
The action of ATP in vitro in stimulating contraction of glycerinated fibers may 
be more the result of its polyelectrolyte nature than of its labile energy content, 
since it does not appear to function this way in vivo.2? The efficiency in the 
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conversion of high-energy phosphate to mechanical work in cardiac muscle varies 
widely from 20 to 60 per cent, indicating that this second ‘coupling’ of ATP 
utilization to actomyosin function is considerably looser than the first coupling 
of hydrogen transport to ATP formation. Under normal conditions the over-all 
efficiency of the heart thus may vary from 12 to 36 per cent. 

Although the model presented in Fig. 1 is not proved in all respects and 
hence represents only a working hypothesis, it is hoped that it will serve as a 
reasonable basis for the discussion of normal and abnormal cardiac metabolism. 


NORMAL CARDIAC METABOLISM 


Much evidence is available from studies of cardiac muscle slices,*°-* heart- 
lung preparations,***7 and intact hearts under conditions of coronary sinus 
catheterization**-*° that heart muscle utilizes a variety of substrates as sources 
of energy. Under physiologic conditions these include mainly glucose, lactate, 
pyruvate, and fatty acids (as NEFA) and to a lesser extent, acetate, ketone 
bodies, and amino acids. The extent to which each substrate contributes to the 
energy requirement of the heart in vivo is influenced by its concentration in 
arterial blood as well as by the state of nutrition and endocrine balance of the 
organism. Furthermore, in the intact heart there is a definite threshold of ex- 
traction for each substrate. Although these are very close to zero for pyruvate 
(0.6 = 0.2 mg. per cent) and lactate (2.5 = 0.5 mg. per cent), the threshold for 
glucose extraction is considerably higher (59 = 6 mg. per cent). Since this thresh- 
hold behavior is lost in cardiac muscle slices, as shown in Fig. 2, it is probably 
a function of an intact cellular membrane. This is further supported by the 
effects of diabetes and insulinization upon the threshold for glucose. Unger*! 
and Goodale® and their colleagues have shown that the threshold for glucose 
extraction is markedly elevated in diabetes in man and dogs and that insulin 
treatment reduces it toward normal. In addition, Hackel* has shown that in- 
sulinization of normal dogs causes a marked reduction in the threshold for glucose 
extraction to 10 = 3 mg. per cent. It would appear that the cardiac muscle 
cell membrane behaves like other muscles toward glucose and insulin. Above 
their respective thresholds, pyruvate, lactate, and glucose are removed in pro- 
portion to arterial concentration, and at faster rates than are observed in vitro 
(Fig. 2). The regression lines for lactate and pyruvate are linear in the ranges 
studied and that for glucose curvilinear, rather than logarithmic, approaching 
a maximum extraction of about 25 mg. per cent at levels of 250 mg. per cent. 

The state of nutrition of the organism influences markedly the kind of sub- 
strate used for energy production by the heart. With fasting, the heart shifts 
from the predominant utilization of carbohydrate to the almost exclusive utili- 
zation of fatty acids as a source of energy. Under postprandial conditions or 
after glucose infusions, the myocardium of both dogs*® and man* utilizes mainly 
glucose, lactate, and pyruvate as a source of energy and the myocardial respir- 
atory quotient approaches 1.0. After an overnight fast, the pattern of metabol- 
ism shifts to a greater dependence upon fatty acids and the myocardial respiratory 
quotient drops to about 0.80. Bing and associates*® using a titrimetric method 
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for total fatty acids in arterial and coronary sinus blood, established that the 
human myocardium during fasting could derive up to 67 per cent of its energy 
from the oxidation of fatty acids. More recently Gordon and Cherkes*? have 
reported that the source of these fatty acids for myocardial oxidation is the 
nonesterified fatty acid (NEFA) fraction of the plasma which is albumin-bound. 
By coronary sinus catheterization of healthy postabsorptive subjects, these 
workers found that from 25 to 70 per cent of the myocardial oxygen usage could 
be accounted for by the uptake of NEFA. With prolonged fasting and diabetes 
mellitus, the uptake of carbohydrate by the heart is further depressed with a 
decrease in the extraction coefficients for glucose, pyruvate, and_ lactate,” 
the myocardial respiratory quotient drops to 0.70, and the heart depends almost 
solely upon fatty acids and ketones for energy."! 


PYRUVATE 
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Fig. 2.—Extraction of glucose, lactate, and pyruvate by cardiac muscle in vitro and in vivo. A, 
a diagram which describes the behavior of cardiac muscle slices incubated with these respective sub- 
strates at given concentrations in a phosphate-saline medium with an oxygen atmosphere for 1 hour. 
B, a diagram which describes the behavior of the intact dog heart at concentrations of these same sub- 
strates encountered physiologically in arterial blood. 


The shifts in usage of substrate by the human heart under conditions of 
feeding and overnight fasting are shown in Table I. During such transitions 
the uptake of total ‘‘carbohydrate’”’ and NEFA vary reciprocally and correlate 
well with the observed respiratory quotients.” Carbohydrate appears to be 
the preferred substrate if it is available and the animal is in the ‘‘fed”’ state, and 
is thus the ‘‘active’’ determinant of the fuel mixture taken up by the heart. The 
highly variable pattern of NEFA uptake in relation to NEFA level in arterial 
blood suggests that it is the “‘passive’’ partner. Under ordinary conditions, 
plasma amino acids do not contribute significantly to the energy production 
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TABLE 1. EFFECT OF FEEDING AND FASTING Upon MyocarRDIAL SUBSTRATE UTILIZATION IN MAN 


CONDITION FASTED 


A-V difference 
O» ml. per cent 
CBH* mM C-3/L. 
NEFAt mM C-16/L. 


Per cent Os» utilization accounted for by: 
CBH 
NEFA 


*CBH—Carbohydrate. 
+NEFA—Nonesterified fatty acids. 


In regard to the uptake of oxygen, it has been found by Goodale, Olson, and 
Hackel® that the coronary arteriovenous differences for oxygen in man vary 
linearly with arterial oxygen content through the range from mild anemia to 
marked polycythemia. It is somewhat remarkable that the uptake of this “‘sub- 
strate’ is also dependent upon arterial level considering the fact that the source 
of demand for coronary arterial oxygen is the independent rate at which cyto- 
chrome oxidase is being reduced within the myocardial cell. It follows from this 
that the mechanisms adjusting coronary flow (and hence oxygen delivery at a 
given oxygen content) must be extraordinarily sensitive to the needs of the hydro- 
gen transport chain. Only under these conditions would the cardiac muscle cell 
“permit” the oxygen content of the arterial blood (ordinarily proportional to 
hemoglobin concentration) to determine the oxygen uptake and thus keep the 
myocardial oxygen extraction co-efficient (A-V/A) constant. 

It is thus seen that the heart demonstrates broad flexibility in the utilization 
of substrates for energy production without a change in either its work perform- 
ance or work capacity. There is no evidence that lack of substrate occurs in 
any clinical situation to the extent that it embarrasses the cardiac capacity for 
work. Likewise, those metabolic disturbances, such as diabetes mellitus, which 
alter the fuel mixture available to the heart, do not alter cardiac function on 
this account. 


CARDIAC METABOLISM IN HEART FAILURE 


Congestive heart failure occurs when the load imposed on the heart exceeds 
the capacity of the heart for work. As a result, the ‘‘forward”’ and ‘‘backward”’ 
consequences of this failure of the heart to pump the blood at a rate commensurate 
with the needs of the body supervene. The concentration of clinical investigators 
in recent years upon phenomena secondary to this central failure of the heart 
to pump blood at a satisfactory rate has obscured the main problem in this patho- 
logic state, that is, what is wrong with the myocardium ?48 

Since the ability of the heart to do work depends upon the biochemical 
activity which leads to muscular contraction (Fig. 1), it would appear that the 
ultimate definition of the myocardial defect in congestive heart failure will be 
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made in biochemical terms. Cardiac work can be performed at rates demanded 
by the periphery only when all of the reactions concerned with the oxidation of 
substrate, generation of high-energy phosphate bonds, and utilization of this 
bond energy in the final contractile process in the myocardium occur at adequate 
rates. Theoretically, interruption of this sequence at any stage could lead to 
cardiac failure. Some years ago, Olson and Schwartz*? advanced a tentative 
biochemical classification of heart failure of various etiologies. They postulated 
that the congestive heart failure of the high-output type, seen in association with 
anemia, beriberi, and thyrotoxicosis, was due to a defect in myocardial energy 
production, that is, a failure to liberate or conserve free energy in the cardiac 
cell, whereas congestive heart failure of the low-output type secondary to valvular 
disease, or hypertension, was due to a defect in energy utilization—an inability 
of the contractile proteins to assimilate phosphate-bond energy or to associate 
and dissociate in the contractile cycle. This hypothesis has been embraced by 
a number of investigators in the interim,*°*"*! and work carried out in this and in 
other laboratories” has generally supported it. 

Disturbances in Energy Production.—It is evident that any factor which 
interferes with the functioning of the tricarboxylic acid cycle, hydrogen trans- 
port, or oxidative phosphorylation will hamper energy production. If a meta- 
bolic disturbance, occurring at one or more of the above points in the schema 
of cardiac energetics, should also produce a generalized metabolic disease as- 
sociated with vasodilatation, optimum conditions would exist for the production 
of high-output failure. Such syndromes are seen in man as a result of (a) oxygen- 
lack, (b) coenzyme-lack, and (c) hormonal imbalance, and these are discussed 
later. 

Oxygen-lack: In acute anoxia, the oxygen supply of the normal heart is 
protected by a number of vascular reflexes governing coronary flow and by the 
excellent design of the myocardium for rapid diffusion. In dogs, made anoxic 
by breathing 7 to 10 per cent oxygen, coronary sinus catheterization has shown 
that increased coronary flow and more complete extraction of oxygen from the 
coronary blood preserve myocardial oxygen delivery.* In dogs made more 
severely anoxic by breathing 3 to 6 per cent oxygen, left auricular pressure may 
rise just prior to death.*! Death under these conditions, however, usually results 
from the greater vulnerability of the central nervous system. A similar situation 
occurs in cyanide poisoning which produces anoxia by inactivation of cytochrome 
oxidase. The heart is again less vulnerable than other critical organs because 
of its high content of this enzyme. 

In coronary atherosclerosis, the cardiac reserve may be lowered through 
reduction in the efficacy of vascular adjustments to increased cardiac work loads 
and hypoxia. Gorlin® found that coronary flow in patients with coronary artery 
disease did not increase after nitroglycerin, whereas marked vasodilatation 
occurred in normal subjects. In experimental graded coronary occlusion (with 
plastic spheres) in dogs, Bing and his colleagues*® have shown that transient 
reduction (10 to 15 minutes) in the extraction rates for glucose, lactate, and 
pyruvate (sometimes to negative values) accompany the reduction in cardiac 
output, coronary flow, peripheral blood pressure, and decreased myocardial 
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oxygen consumption. Under such conditions leading to local ischemia and in- 
farction, the patent coronary arteries appear to be maximally dilated as indicated 
by a fall in coronary vascular resistance. Sarnoff’? found that restriction of 
coronary flow from a main coronary artery caused a depression in the ventricular 
function curve (plot of stroke work versus filling pressure for that ventricle) of 
the left but not the right ventricle in the open-chest dog. Fawaz, Hawa, and 
Tutunji®* observed that ligation of a coronary artery in the heart-lung preparation 
caused a prompt fall in creatine phosphate but no change in ATP during the 1 
to 3 minutes which elapsed before the onset of ventricular fibrillation. 

The effect of acute hemorrhagic shock upon cardiac metabolism in dogs 
has been studied by Edwards, Siegel, and Bing®? and by Goodale and Hackel.® 
In this form of oligemic stagnant anoxemia, cardiac output, stroke volume and 
work, and coronary blood flow are markedly reduced. In association with these 
hemodynamic changes, these investigators found reduced extraction coefficients 
for pyruvate, lactate, and glucose, although at the high arterial levels observed, 
absolute uptake of lactate and glucose were maintained. Pyruvate uptake was 
abolished during both the oligemic and normovolemic phases of hemorrhagic 
shock despite elevated arterial values. Cardiac work efficiency dropped mark- 
edly during the oligemic phase and remained depressed after reinfusion of blood. 
In fact, Wiggers and Werle® and Sarnoff, Case, Waithe, and Isaacs® noted evi- 
dence of myocardial failure following the infusion of blood into animals with 
hemorrhagic shock. In regard to the precise biochemical lesion in this type of 
anoxemia, the data are not definitive. Bing and associates*® postulated a loss 
of cocarboxylase from the myocardium to account for the failure to metabolize 
pyruvate although no direct measurements of cocarboxylase were made. The 
continued utilization of lactate by these hearts in shock argues against a serious 
loss of cocarboxylase, since both pyruvate and lactate extractions are markedly 
depressed in thiamine deficiency in dogs. The marked loss of work efficiency 
by the heart in shock suggests uncoupling either of oxidative phosphorylation 
or of the contractile mechanism. Goodale and Hackel®® have suggested that 
the epinephrine release accompanying hemorrhagic shock may play a key role 
in this alteration in cardiac metabolism since hypotension due to spinal anesthesia 
does not cause the same cardiac inefficiency. Further experimental data are re- 
quired before the controversy regarding the biochemical lesion in the myocardium 
in hemorrhagic shock can be resolved. 

Chronic oxygen lack, such as occurs in anemia of long standing, is occasion- 
ally a cause for congestive failure. Despite the increased circulatory load in 
anemia, uncomplicated cardiac failure is a rarity in patients under 40 years of 
age because of the multiplicity of vascular reflexes, cited above, which assure 
adequate oxygen delivery to the myocardium in the healthy person. With the 
onset of coronary atherosclerosis, however, these protective mechanisms are 
partially vitiated, and heart failure due to anemia may occur. Under these 
conditions the need of the periphery for an augmented blood supply increases 
the work requirement of the heart to the level which exceeds that which the 
heart can deliver at normal filling pressures and congestive heart failure ensues. 
Failure in such cases characteristically occurs at relatively high cardiac outputs 
of 8 to 12 L. per minute and usually responds to blood replacement. 
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Coenzyme-lack: The most striking example of myocardial failure due to 
coenzyme depletion is seen in beriberi. In the absence of adequate dietary thia- 
mine, all tissues undergo depletion of cocarboxylase (thiamine pyrophosphate), 
the coenzyme required by pyruvic oxidase, a-ketoglutaric oxidase, and trans- 
ketolase for normal enzymatic activity. Under these conditions the oxidation 
of pyruvate and other carbohydrate precursors of pyruvate cannot proceed to 
completion, and blood pyruvate and lactate rise. In thiamine-deficient rats 
and ducks, Olson and his colleagues*' showed that there was a relationship between 
the rate of pyruvate disappearance in vitro and the thiamine content of the heart 
slice. Although pyruvate utilization did not decline until the heart muscle co- 
carboxylase content had been reduced from a normal of 10 mcg. per gram to 
about 2.5 mcg. per gram, further reduction in thiamine content resulted in a 
precipitous drop in pyruvate utilization. Hackel, Goodale, and Kleinerman™ 
showed that thiamine deficiency in dogs resulted in ‘‘dry’’ beriberi, with no 
edema, and no elevation of venous pressure, despite a markedly altered myo- 
cardial metabolism. The extraction of pyruvate and lactate by the heart was 
markedly reduced despite high arterial levels so that only 29 per cent of the 
energy needs of the heart were met by carbohydrate. Furthermore, they noted 
that the extraction of oxygen from the coronary arterial blood varied inversely 
with coronary flow, a highly abnormal finding which suggested that hydrogen 
transport was limited in these hearts by the lack of cocarboxylase. Although 
most thiamine deficiency in experimental animals is dry, transient congestive 
heart failure has been produced in both thiamine-deficient pigeons®™ and dogs.” 

Both ‘‘wet” and “dry” beriberi occur in man. The production of the full- 
blown syndrome of high-output failure in human beings with beriberi® requires 
both appreciable reduction in myocardial cocarboxylase and peripheral vaso- 
dilatation. Under these conditions of increased load and decreased cardiac 
reserve, congestive failure results. Cardiac catheterization of an alcoholic with 
high-output failure due to beriberi has revealed the same picture of depressed 
myocardial carbohydrate oxidation characteristic of the thiamine-deficient 
dog.*? The administration of thiamine, food, and bed rest usually restores these 
patients to normal in a few days. 

Hormonal imbalance: Although several endocrine disorders are known to 
alter the physiology of the heart,®*-7! only thyrotoxicosis has been identified as 
the cause of congestive heart failure. With thyrotoxicosis, failure does not usu- 
ally occur unless there is underlying heart disease, although cases without evi- 
dence of a pre-existing cardiac disorder have been cited.”-7* The tachycardia, 
increase in peripheral oxygen consumption, vasodilatation, and the increase in 
venous return, which accompanies hyperthyroidism, may so increase the work 
of the heart as to precipitate failure at relatively high cardiac outputs of 8 to 
12 L. per minute at rest. Although Bing” reported no increase in the oxygen 
consumption of the myocardium in man with hyperthyroidism, convincing 
evidence that coronary flow and total myocardial oxygen consumption are in- 
creased in human thyrotoxicosis has been presented by Rowe and co-workers.”® 
The sequence of events leading to heart failure in thyrotoxicosis is not thoroughly 
understood. Until recently, it has been thought, on the basis of older experi- 
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mental evidence showing a decrease in the concentration of high-energy phosphate 
compounds, ATP and creatine phosphate (CP) in heart muscle from hyper- 
thyroid animals,**-** that uncoupling of oxidative phosphorylation was the 
biochemical lesion leading to congestive heart failure in hyperthyroidism. 

The studies of Maley and Lardy*’:*! of the effect of in vitro thyroxin addition 
and in vivo hyperthyroidism upon oxidative phosphorylation in kidney and liver 
mitochondria added support to this view of the etiology of thyrotoxic heart 
failure. Even the finding of Cooper, Devlin, and Lehninger® that the action of 
thyroid hormone in uncoupling oxidative phosphorylation was due to an effect 
of the hormone upon the integrity of the mitochondrial membrane, rather than 
the intrinsic reactions of oxidative phosphorylation, did not remove the possi- 
bility that thyroid hormone in vivo might uncouple oxidative phosphorylation 
by altering the properties of the sarcosomal membrane in the heart. Studies 
in our laboratory over the past few years, however, have cast grave doubts upon 
the view that cardiac failure in hyperthyroidism is due to the uncoupling of 
oxidative phosphorylation. Experimental hyperthyroidism has been produced 
in dogs“! and rats® by feeding large amounts of U.S.P. thyroid powder. Values 
for cardiac output, coronary blood flow, and myocardial oxygen usage were 
augmented in dogs from 50 to 100 per cent. Determinations of the levels of 
total acid soluble phosphate, inorganic phosphate, adenosine triphosphate, and 
creatine phosphate in the ventricles of these dogs and rats showed no decrease 
below normal. These results suggested that in the steady state, at augmented 
work loads, the processes of energy liberation and energy utilization were so 
balanced as to maintain the usual concentration of high-energy phosphate com- 
pounds in ventricular tissue. Further, studies of in vitro oxidative phosphory- 
lation of heart ventricle from hyperthyroid rats and dogs have been carried out 
by the atraumatic polarcgraphic method of Chance and Williams.*® High P O 
values during a-ketoglutarate oxidation were obtained for both normal and 
hyperthyroid heart muscle, in good agreement with the studies of normal tissue 
by others.*’ In view of these data, the mechanism of the cardiac failure in thyro- 
toxicosis remains obscure. It seems unlikely that the effects of hyperthyroidism 
are purely hemodynamic. Crispell, Parsons, and Hollifield** found that protein 
anabolism as measured with N-glycine was depressed in hyperthyroidism. It 
may be that anabolic reactions leading to protein synthesis, and hence to the 
maintenance of the contractile proteins of the heart, may be affected in thyrotoxi- 
cosis and influence contractility of the heart. Further work is required before 
this enigma can be solved. 

Disturbances in Energy Utilization.—\t has now been clearly established 
that congestive failure may occur in the presence of normal energy production 
by the myocardium. This has been demonstrated in the heart-lung prepara- 
ation,*®-*! the open-chest dog,” the intact dog,*! and in the human subject with 
hypertension or valvular disease.**-* By means of cardiac catheterization, these 
latter workers found no decrease in coronary blood flow, oxygen extraction, or 
substrate utilization in patients with advanced congestive heart failure with 
roentgenologic evidence of left ventricular enlargement. Since cardiac outputs 
in these patients were reduced, it was calculated, even assuming normal heart 
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size, that the efficiency of the heart was low. The inability of these investigators 
to show any defect in myocardial oxygen consumption in failure does not support 
the older view of many pathologists, summarized by Harrison,®® that anoxia 
within the hypertrophied cardiac muscle fiber is responsible for the failure of 
contractility. Further, the study of the level of ATP and CP in the myocardium 
of the failing heart-lung preparation by Wollenberger®? demonstrated no de- 
pletion of these sources of free energy for contraction. 

In order to clarify further the pathologic physiology of this type of con- 
gestive heart failure, some years ago we undertook a comprehensive study*® of 
the metabolic behavior of the failing heart in dogs subjected to cardiac valvular 
surgery. Chronic low-output congestive heart failure characterized by edema, 
ascites, weakness, reduced exercise tolerance, cardio- and hepatomegaly, with 
ultimate elevation of end-diastolic filling pressures in both the right and left 
ventricles, was produced in dogs by avulsion of the tricuspid valve and stenosis 
of the pulmonary artery.°* Although initially right-sided, heart failure induced 
in this way eventually becomes generalized as indicated by depressed ventricular 
function curves in both ventricles** and a positive inotropic response to digitalis 
in both chambers.*’ A series of pressure tracings obtained by cardiac catheteri- 
zation in right auricle, right ventricle, coronary sinus, pulmonary artery, and 
femoral artery are shown in Fig. 3 before surgery, after induction of failure, and 
after treatment of the failure with acetyl strophanthidin, a rapid-acting digitalis 
drug.** Right ventricular end-diastolic pressures, markedly elevated after the 
onset of failure, were reduced within one hour after administration of 2 cat units 
of acetyl strophanthidin with an increase in right ventricular systolic pressure 
and an increase in cardiac output. 

The cardiac metabolism of a series of dogs in congestive heart failure due 
to valvular disease was compared with a series of healthy control animals. Car- 
diac catheterization with intubation of the pulmonary artery and the coronary 
sinus was performed on each animal under Nembutal-Dial-morphine anesthesia. 
Pressures in the major vessels and the chambers of the right heart were measured 
electronically and cardiac output was measured by the Fick principle. Coronary 
flow was determined by the nitrous oxide saturation method. Arteriovenous 
differences of oxygen, carbon dioxide, glucose, lactate, pyruvate, and nonesterified 
fatty acids were measured manometrically or chemically on samples of arterial 
and coronary sinus blood. After cardiac catheterization, artificial respiration 
was initiated, the chest was opened, and the animal was sacrificed by excision 
of the beating heart. Determinations of total acid-soluble phosphorus (TASP) 
true inorganic phosphorus (P;), creatine phosphate (CP), and adenosinetriphos- 
phate (ATP) were made on quick-frozen samples of ventricular apex. 

Values for resting cardiac output, coronary blood flow, total carbohydrate 
and NEFA uptake, and cardiac oxygen consumption for normal dogs and for 
dogs with congestive heart failure secondary to tricuspid insufficiency and pul- 
monary stenosis (TI/PS) are presented in Table II. It may be seen that al- 
though the cardiac output is decreased in congestive heart failure associated 
with valvular disease, coronary blood flow and myocardial oxygen usage were 
unchanged from normal. The extractions of glucose, lactate, and pyruvate 
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were slightly increased in the dogs with congestive heart failure so that the total 
contribution of carbohydrate to energy production was increased and the contri- 
bution of fatty acids reduced in the failing heart. The detailed protocols are 


CONTROL FAILURE (TI/P8)§| FAILURE (TI/PS) 
BEFORE Did. Ji HR AFTER 2 CU AS. 


SO 
- 0 


Fig. 3.—Representative pressure tracings in the right auricle, coronary sinus, right ventricle, 
pulmonary artery, and femoral artery of a dog before surgery, after onset of failure due to tricuspid 
insufficiency and pulmonic stenosis, and after intravenous treatment of the heart failure with 2 cat 
units of acetyl strophanthidin. Each series of tracings is 2 seconds long. 


presented elsewhere.*! The results of the phosphate fractionation in ventricular 
muscle from normal animals and those in failure are shown in Table III. No 
differences between groups were noted for any of the fractions studied. The 
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ues METABOLISM IN CONGESTIVE HEART FAILURE 455 
fact that ventricular ATP and CP levels do not change in failure due to valvular 
disease, in agreement with findings in the failing heart-lung preparations,*’ sug- 
gests that availability of high-energy bonds for myocardial contraction are not 
limiting in this syndrome. Brody, Palmer, and Bennett!®® compared the ability 
of ventricular muscle from failing and nonfailing heart-lung preparations to 
carry on oxidative phosphorylation from pyruvate in vitro and found no difference 
in the P:O ratios. Similarly, no differences have been found in in vitro oxidative 
phosphorylation of heart muscle from intact normal dogs and those in failure 
in our laboratory. The weight of the evidence to date is that there is no bio- 
chemical defect in the reactions leading to energy liberation and conservation in 
the heart with low-output failure. 


TABLE II. CARDIAC PERFORMANCE AND METABOLISM IN NORMAL Docs AND Docs Wit CONGESTIVE HEART FAILURE 
DvE T0 VALVULAR DISEASE 


OXYGEN UTILIZATION 

| 


OUTPUT BLOOD FLOW 0» USAGE ML. PER CENT PER CENT USAGE 
CONDITION L./MIN. | ML./MIN./100 GM. 


(+ S.B.) 


| 


| ART. is A-V | CBH* | FAT | TOTAL 


CARDIAC CORONARY | MYOCARDIAL 
| 
(+ S.E.) 
| 


Congestive heart 
failure (TI/PS)+ 


*C BH—Carbohydrate. 
tTricuspid insufficiency and pulmonary stenosis. 


TABLE III. Partition oF Acrb-SOLUBLE PHOSPHORUS IN HEART MuscLE From NORMAL 
Docs AND DoGs IN CONGESTIVE HEART FAILURE DUE TO VALVULAR DISEASE 


| | PHOSPHORUS IN MILLIGRAMS PER CENT 
| VALVULAR | 
| LESION 


Normal | None 
Congestive | TI/PS 


| | 
heart failure | | 


*TASP—total acid-soluble phosphorus; P;—true inorganic phosphorus; © P—creatine phosphate; 
and AT P—adenosinetriphosphate. 
Values for above are + standard errors of the mean. 


In view of these negative findings in our studies of the processes of energy 
production in the failing dog heart, we undertook experiments to characterize 
the contractile proteins in normal and failing dog heart. Myosin was isolated 
from the ventricular muscle of these animals by the procedure of Szent-Gyorgyi,’ 
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rigorously purified by repeated dilutions and preparative ultracentrifugations 
to remove any residual actomyosin, dialyzed for 3 days, and subjected to numer- 
ous physical-chemical measurements including sedimentation (free and approach 
to equilibrium), diffusion (free and boundary spreading in the ultracentrifuge), 
viscosity, and light scattering measurements. All of the myosin preparations 
from normal animals were homogeneous in both the ultracentrifuge (Fig. 4) and 
the electrophoresis apparatus. Some of the data are summarized in Table IV. 
It may be seen that although the Soo,, intercept of the curve describing depend- 
ence of sedimentation rate upon concentration were nearly identical for myosin 
isolated from normal hearts (myosin C) and that isolated from failing hearts 
(myosin F), the slope of the dependence upon concentration (dS/dc) was markedly 
different for the two preparations. In three of the preparations of myosin F, 
a second faster moving peak appeared in dilute solution with an Soo,, of about 
9.5. Further, the intrinsic viscosities of the two myosins were markedly different. 
In contrast, the ATPase activities of the two preparations were not significantly 
different. The diffusion constant (D2,«) for cardiac myosin A was 2.46 by 10-7 
sec.“! and for cardiac myosin F was 0.77 by 10-7 cm.’ sec.-!. These con- 
stants, together with the light scattering behavior, led to estimations of molecular 
weights of 223,000 for myosin C (as indicated previously) and 685,000 for myosin 
F.1% The faster moving peak in some of the myosin F preparations behaved 
like a dimer of myosin F. 


Fig. 4..-Homogenous cardiac myosin from a normal dog as determined by ultracentrifugation. 
Conditions: protein concentration 0.44 per cent, rotor speed 56,100 r.p.m. I'/20.6, pH 6.8, So0,w 4.77. 
A, 80 minutes. B, 96 minutes. C, 112 minutes. 


TABLE IV. PROPERTIES OF CARDIAC Myosin From NorMAL Docs AND DoGs IN CONGESTIVE 
HEART FAILURE 


NUMBER 
CONDITION OF DOGS Soo, w —dS/dc [n] 


| 
Normal 8 6.16 +0.13* | 3.10 £9.167 | 0:56 


Congestive heart 10 6:53 =0514" | 6.66 +0.84* | 3.65 


failure (TI/PS) 


*+ S.E. of mean. 

Sedimentation studies carried out on dialyzed preparations of myosin in 0.6 M KCl at pH 6.8 in 
a model E Spinco ultracentrifuge at 56,100 + 7 r.p.m. at 4° C. Viscosity measurements were made 
in an Ostwald viscometer at 1° C. ATPase measurements were made in a glycine buffer of pH 9.2 at 
25° C. over a 5-minute period. 
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These data are consistent with the view that an abnormal stable aggregate 
of myosin A is formed in cardiac failure and that this myosin F prevents the 
formation of an actomyosin with normal contractile properties.'” Benson!” 
found that the actomyosin content of ventricle from animals in congestive heart 
failure (TI/PS) was reduced below normal and had certain abnormal properties, 
namely, decreased viscosity per unit of actomyosin and a decreased change in 
viscosity per unit of actomyosin upon the addition of ATP. More recently, 
Benson and co-workers! have found that the in vitro contractility of glycerol- 
extracted muscle strips from both the right and left ventricles of dogs with heart 
failure due to TI/PS was markedly reduced and that a depressed ventricular 
function curve similar to that observed in vivo could be constructed from the 
data. Since glycerol-extracted muscle retains little else than the basic contractile 
system and responds to ATP like isolated actomyosin, it seems reasonable to 
assume that the defective contractility observed by Benson and co-workers!” 
must be due to an altered actomyosin fibril. Kako and Bing!® have noted a 
similar decrease in the contractility of actomyosin bands prepared from failing 
human heart muscle postmortem when compared with control preparations. 
It seems reasonable to conclude that the biochemical lesion in congestive heart 
failure of the low-output type is located in the contractile mechanism itself, 
presumably because of an alteration in myosin, and hence actomyosin. The 
stimulus for this change may be the chronic stretch to which heart muscle working 
at a mechanical disadvantage is subjected. The extensive hydrogen bonding 
of myosin may well be disrupted under such conditions and permit aggregation 
to occur.'°6 

Function of the Digitalis Glycosides.—Although digitalis is of little value in 
the treatment of high-output failure!®’:!°* in which the heart appears unable to 
maintain normal energy production, the cardiac glycosides are of great value 
in the treatment of low-output failure in which the biochemical defect in cardiac 
muscle appears to reside in the contractile mechanism. Although the precise 
mode of action of digitalis is still unknown,'°® some progress has been made in 
defining its action. 

An increase in cardiac efficiency appears to be the most conspicuous effect 
of the action of digitalis in cases of cardiac failure due to hypertension or valvular 
disease. Stewart and associates'!? demonstrated a rise in cardiac output and 
work per beat as a result of digitalis administration in patients with congestive 
failure due to multivalvular disease and, more recently, Bing and co-workers!"! 
have reported that digitalization of patients with this type of low-output failure 
results in increased cardiac outputs without changes in coronary flow or cardiac 
oxygen consumption. In control patients, strophanthidin decreased the cardiac 
output. 

Although the nature of the basic complex between cardiac glycoside and 
heart muscle is not known, actomyosin may be involved in this union. Mallov 
and Robb'” and Bowen" found that actomyosin solutions exposed to cardiac 
glycoside showed better spiraling and shortening than a standard preparation 
not treated with glycoside. Stutz, Feigelson, Emerson and Bing,''* and Edman,'” 
however, found that a lanatoside C did not influence the force or speed of con- 
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traction of normal glycerol-extracted heart muscle. Horvath and colleagues!'® 
have noted an effect of digitalis upon the actin G-actin F conversion, a re- 
action which appears to be of relatively minor importance in the contractile 
cycle. Kako and Bing!” found that Cat* and digoxin, but not digoxin alone, 
improved the contractility of actomyosin bands isolated from failing hearts at 
necropsy. 

Hajdu and Szent-Gyorgyi'' have suggested that digitalis glycosides exert 
their inotropic effects by influencing the permeability of the muscle membrane 
and thus changing the ionic atmosphere in which actomyosin contracts. During 
rapid digitalization of normal dogs with acetyl strophanthidin, Regan and as- 
sociates''® noted marked efflux of potassium in the coronary sinus and a negative 
inotropic effect. In human subjects with low-output congestive heart failure, 
these same investigators'"® found a similar efflux of potassium after treatment 
with acetyl strophanthidin which in these failing hearts exerted a positive ino- 
tropic effect. Olson and co-workers*? noted a uniform decrease in glucose ex- 
traction by the heart following treatment of normal dogs and dogs with con- 
gestive heart failure with acetyl strophanthidin, despite divergent inotropic 
effects in the two groups. Although there is no doubt that digitalis glycosides 
influence the behavior of the myocardial membrane, and that an interrelationship 
of this action to potassium flux has been shown,*"”° it seems far from proved 
that this effect of digitalis glycosides is the one responsible for the positive ino- 
tropic effect in the failing heart. 

Blain®:! found that lanatoside C had no effect upon substrate extraction 
or oxygen consumption in human subjects with or without congestive heart 
failure. Wollenberger' noted no effect of ouabain and digoxin (at therapeutic 
dosage) upon the ATP and CP stores of cardiac ventricle in the heart-lung prepa- 
ration and we have made similar observations in intact dogs.’ Rothlin and 
colleagues’! noted that lanatoside C was positively inotropic in the dog heart- 
lung preparation as long as high-energy phosphate compounds were available; 
when uncoupling of oxidative phosphorylation was induced by dinitrophenol, 
the effects of the cardiac glycoside were abolished. Grisolia'® noted no effect 
of digitoxin upon in vitro oxidative phosphorylation in rabbit heart sarcosomes. 
Friedman and St. George’ observed that after administration of 1 meg. of 
digitoxin per gram body weight to rats, the particulates of heart muscle (mito- 
chondria, microsomes, and nuclei) contained negligible quantities of the drug, 
whereas the cytoplasmic fraction (which contains the contractile proteins) con- 
tained most of the glycoside present in the heart. In our own laboratory we 
have established that digitoxin administered to dogs in daily doses of about 2.5 
mg. is bound to cardiac myosin (in amounts of 4 to 10 meg. per gram) with suff- 
cient stability to resist elution during purification and dialysis of the prepara- 
tion.’ In Table V are presented the results of five representative experiments on 2 
normal dogs and 3 dogs with congestive heart failure due to TI/PS. When 
digitoxin was given, a portion of it was found bound to myosin. The intrinsic 
viscosity of myosin C was not altered by digitoxin. The intrinsic viscosity of 
myosin F was not altered unless clinical improvement (diuresis, decrease in 
filling pressures) was also obtained. The myosin preparations obtained from 
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the hearts of digitalized animals (normal or failing) appeared to be more unstable 
to dialysis and standing at 4° C.,and showed several signs of easier denaturation. 


TABLE V. RELATION OF DIGITOXIN THERAPY OF NorMAL Docs AND Docs IN CONGESTIVE 
HEART FAILURE TO CLINICAL COURSE AND MOLECULAR CHANGES IN CARDIAC Myosin 


CARDIAC MYOSIN 


DOG THERAPY CLINICAL 
NUMBER | CONDITION | (2.5 MG./DAY) | CHANGE 


DIGITOXIN CONTENT | INTRINSIC VISCOSITY 


| 
DIGITOXIN | 
| 
| 
(McG./GM. ) | 


171 Normal | None 
27 Normal | None 


Failure | | None 
Failure None 


251 


| 
| 
181 | Failure | Improved 


These data suggest that orally administered digitoxin is bound to cardiac 
myosin and may influence the physical-chemical properties of the protein. AlI- 
though the conversion of myosin F to myosin A has not been demonstrated, a 
decrease in the abnormally high viscosity of myosin F under the influence of 
digitoxin has been shown. Further studies are needed to clarify this interesting 
relationship between digitoxin and the contractile proteins. 


CONCLUSIONS 


The biochemical etiology of some types of congestive heart failure seems 
reasonably well established. The high-output failure seen in association with 
anemia and beriberi appears to be due to a defect in myocardial energy pro- 
duction. The capacity of the heart for hydrogen transport is reduced in both 
of these cases—in one for lack of oxygen and in the other for lack of a coenzyme 
essential for the oxidation of key metabolities at the substrate level. The low- 
output failure seen in association with hypertension or valvular disease appears, 
on the other hand, to be due to a defect in actomyosin related to an abnormality 
of the myosin monomer. The precise etiology of the failure associated with 
thyrotoxicosis remains obscure. 

There are, of course, numerous causes of failure in addition to those dis- 
cussed which, at present, are not amenable to classification on a biochemical 
basis. These include the myocarditides, coronary atherosclerosis, infiltrative 
disease of the heart, and cor pulmonale. In some of these, it is probable that 
both energy production and energy utilization are impaired. In addition, there 
are a number of diseases which simulate congestive failure clinically in which 
the circulation is impeded by purely mechanical factors. Most conspicuous of 
these are constrictive pericarditis and cardiac tamponade. 

Much additional research is required to elucidate the molecular events 
underlying the heartbeat in health and disease. The conception of heart failure 
as a manifestation of specific biochemical lesions in the myocardium, however, 
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should lead to new investigations which will define with greater precision than 
is now possible the molecular pathogenesis of the various forms of the disease. 
It must also be remembered that although many extracardiac factors may modify 
the degree of manifest clinical failure in the organism, in the final analysis, the 
heart fails when its generation of free energy or its utilization of that energy in 
the process of contraction is insufficient for the circulatory load imposed. 


It is a pleasure for me to acknowledge the important contributions to the original work cited 
in this review of my associates, Drs. Eric Ellenbogen, Dorothy Piatnek, M. Raja Iyengar, Howard 
Stern, George Roush, and Maria Liang. The valuable technical assistance of Virginia Bartle- 
baugh, Samuel Barfield, Veronica Stesoski, William Stesoski, and Dorothy Terrill is also grate- 
fully acknowledged. 
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HEN the pumping effectiveness of the right heart is diminished, whatever 

the cause, blood obviously will begin to accumulate in the systemic veins. 
As a result, the venous pressure rises, the veins become distended, and the venous 
organs, such as the liver and spleen, enlarge. This over-all picture of venous 
engorgement is so striking that no one can doubt that congestive failure greatly 
affects the venous system. On first appearance, it would seem that the veins 
might be nothing more than passive tubes that react as they do simply because 
of their unfortunate location on the input side of the heart. And, true enough, 
on further investigation one still finds the passive role of the veins to be extremely 
important, but he also begins to realize that in the early stages of failure the 
veins play a very valuable active constrictive role without which the person with 
acute failure would probably die before he could reach the more pronounced 
stages of congestion. It is the purpose of the present paper to analyze the various 
aspects of venous function, both passive and active, in cardiac failure. But 
to do this some of the newer concepts of normal venous mechanisms will first 


be considered. 


FUNCTIONAL CHARACTERISTICS OF THE VENOUS CIRCULATION 


Plasticity of the Veins and the Storage of Blood——Normally approximately 
65 per cent of all the blood of the body is in the systemic venous system. This 
system, of course, includes the venous plexuses of the skin, the vast venous tree 
of the gastrointestinal region, and the venous sinuses of the liver and spleen. 
The veins in all these areas exhibit contractility as do arterioles and arteries, 
but they also exhibit another characteristic called plasticity or stress relaxation 
that is far more highly developed than in other blood vessels.'. Sudden distention 
of the veins by an extra quantity of blood first causes considerable elevation of 
pressure, but within a few seconds to a few minutes the contractile elements of 
the venous walls begin to relax and assume less tone. The pressure falls back 
toward normal, not quite all of the way but almost so. In other words, the veins 
now hold a greatly increased quantity of blood with only slightly elevated venous 


pressure. Indeed, the entire venous system can actually hold as much as double 
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its normal amount of blood, even though the venous pressure has risen only a 
few millimeters of mercury. It can be seen, then, that this plasticity characteristic 
of the veins and venous reservoirs is responsible for much of the vast venous 
distention that is evident in congestive heart failure. 

Sympathetic Regulation of the Veins.—Because the veins were for many years 
considered to be passive, responding with increased flow when the arterioles 
dilated and with increased storage of blood when the heart weakened, research 
studies on the circulation were for a long time directed almost entirely toward 
the arterial and arteriolar systems. Many investigators even came to the con- 
clusion that the veins were independent of regulation by the autonomic nervous 
system. In recent years this has certainly been proved to be untrue. On the 
contrary, the veins are subject to intense control, especially by the sympathetic 
nervous system.?** In general, whenever the sympathetic nervous system con- 
stricts the arterioles, it simultaneously increases the vasomotor tone of the cor- 
responding veins. 

One must, however, separate an increase in vasomotor tone {rom constriction, 
for blood is incompressible. An acute, simultaneous increase in vasomotor tone 
in all the vessels of the body could not possibly cause all of them to be constricted 
without loss of blood volume; if one vessel is constricted, its blood must tempo- 
rarily be transferred to another vessel which dilates despite its increased vaso- 
motor tone. In the case of the veins, acute sympathetic stimulation throughout 
the body does not cause venous constriction on the average but, instead, simply 
increases venomotor tone, causing the venous walls to tighten around the blood 
and to increase the pressure everywhere in the venous system except where the 
veins empty into the heart.* 

Temporary Enhancement of Venous Return by the Veins.—The ability of 
the sympathetic nervous system to increase or decrease peripheral venous pres- 
sures provides a very important mechanism for regulating the return of blood 
to the heart and, consequently, for regulating cardiac output. When the sympa- 
thetic nervous system is diffusely excited, the pressure gradient from the pe- 
ripheral veins to the heart becomes greatly elevated, and the venous return of 
blood likewise increases.*. On the other hand, diminished sympathetic stimu- 
lation can decrease the return. Thus, vested in the veins is a very valuable 
mechanism for boosting the output of the heart at least for temporary periods 
of time when this is needed to compensate for a damaged heart. 

Venous Dynamics and Long-term Regulation of Venous Return.—A simple 
formula’ for venous return is 


Capillary pressure — Right atrial pressure 


Venous return = 
Venous resistance 

If we analyze this formula, we see that three independent determinants of venous 

return are (1) capillary pressure, (2) right atrial pressure, and (3) venous re- 
sistance. 

Capillary pressure under steady state conditions is regulated in accordance 

with the law of the capillaries, which states that mean capillary pressure is equal 

to plasma colloid osmotic pressure plus tissue pressure minus tissue colloid 
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osmotic pressure. If the capillary pressure becomes abnormal, it is very soon 
readjusted by passage of fluid into or out of the capillaries until equilibrium is 
re-established. Thus, mean capillary pressure over a long period of time is mainly 
independent of the dynamics of blood flow through the circulatory system. 

Right atrial pressure is determined to a great extent by the ability of the 
right heart to pump. Under most conditions, the normal heart pumps blood 
effectively enough to maintain a right atrial pressure of zero or almost zero milli- 
meters of mercury. On the other hand, when the right heart becomes progres- 
sively weakened, the right atrial pressure rises and approaches the capillary 
pressure. As a result, the pressure gradient from the capillaries to the right 
atrium progressively decreases, and the venous return of blood is also reduced. 

The third factor that affects venous return in steady state conditions is the 
resistance to blood flow from the capillaries to the right atrium, or, in other words, 
the venous resistance. If the veins are maintained in a constricted state, then 
obviously the venous return will be diminished, whereas, if the veins are in a 
dilated state, the venous return will be correspondingly increased. 

Now let us discuss for a moment the operation of these three different factors 
in congestive failure. Obviously, when the heart becomes weakened, the right 
atrial pressure rises, which tends to reduce venous return and cardiac output. 
Changes occur in the other two factors, however, which tend to increase venous 
return and, therefore, to compensate at least partially for the elevated right 
atrial pressure. These changes are the following: First, since capillary pressure 
is partly determined by tissue pressure, retention of fluid in the tissues to the 
extent that the tissue pressure begins to rise would cause a concomitant elevation 
of the mean capillary pressure. This in turn obviously would increase the pres- 
sure gradient from the capillaries to the right atrium, partially overcoming the 
detrimental effect on venous return of the weakened heart. Second, in congestive 
failure the veins become distended, which decreases venous resistance. This 
effect also tends to increase the return of blood to the heart and consequently 
to increase the cardiac output. Therefore, the decrease in venous resistance 
is another automatic compensation that can occur in congestive heart failure to 
help overcome the detrimental effects of a weakened heart on cardiac output. 


FUNCTION OF THE VENOUS SYSTEM IN THE EARLY STAGES OF ACUTE CARDIAC FAILURE 


Very few data are available on the function of the venous system in the 
early stages of acute cardiac failure of the human being, but until these are avail- 
able it is reasonable to assume that essentially the same physiologic effects occur 
in man as in animals. In the dog, sudden weakening of the heart immediately 
initiates reflexes that cause powerful contraction of the venous walls throughout 
the body, and this is one of the most important compensatory mechanisms to 
prevent death as a result of cardiac shock.* Some of the experimental studies 
that have led to this conclusion are the following. 

In a dog the autonomic reflexes of which have been blocked by total spinal 
anesthesia but the vasomotor tone maintained at a normal level by contin- 
uous infusion of epinephrine, sudden weakening of the heart until no blood 
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is pumped causes the right atrial pressure to rise to a maximum value of 7 mm. 
Hg = 0.3 mm.’ On the other hand, if the same procedure is repeated in a dog 
with active reflexes, the right atrial pressure will rise to a maximum of 14 mm. 
Hg, a value twice that of the control. This additional rise is caused principally 
by reflex increase in venous tone. Also, in the dog without reflexes venous return 
becomes too little to sustain life when the heart is weakened enough to raise the 
right atrial pressure above 4 mm. Hg. But it can rise to about 10 mm. Hg in 
an animal with reflexes still intact before venous return becomes insufficient to 
sustain life.6 Thus, an animal with intact sympathetic reflexes can withstand 
far more cardiac weakness than can one without reflexes. 

It has often been stated that elevated venous pressures can only be detri- 
mental in cardiac failure. Experiments in dogs have certainly belied this state- 
ment at least as it applies to acute failure. It must be remembered that in a 
normal heart an increase in venous input pressure, up to a certain limit, is always 
accompanied by an increase in cardiac output. The same is also true of a weak- 
ened heart, although the limit might be reduced.’ Therefore, an elevation in 
input pressure is of considerable value in overcoming the tendency of cardiac 
weakness to diminish cardiac output. To state this another way, even a weak- 
ened heart can respond to increased venous priming up to a limit, though above 
this limit further increases in venous pressure could be detrimental. In acute 
cardiac failure the pressures are usually in a low range, from 0 to 8 mm. Hg. If 
we can translate results from animal experiments to human beings, within this 
range progressive elevation of venous pressure is beneficial rather than detri- 
mental in acute cardiac failure. Therefore, without reflex increase in venous 
pressure gradient far more patients would die in acute cardiac failure than ac- 
tually do. 

A special characteristic of this venous reflex mechanism is its rapidity of 
response. In dogs it begins within 7 seconds and reaches maximum development 
in approximately 45 seconds. Because sympathetic reflexes seem to occur even 
more rapidly in the human being than in the dog, it is probable that this venous 
reflex in man becomes maximally developed in less than one-half minute. 


CHRONIC EFFECTS ON THE VENOUS SYSTEM OF CARDIAC FAILURE 


Changes in Venous Pressure During the Course of Cardiac Fatlure.—Systemic 
venous pressure rises in cardiac failure as the result of three separate effects: 
(1) decreased pumping effectiveness of the heart, (2) increased vasomotor tone, 
and (3) increased body fluids. Sudden weakening of the heart causes immediate 
damming of blood in the venous system, but this alone usually elevates the right 
atrial pressure only a few millimeters of mercury.7?. Then, within another 30 
seconds or more, reflex increase in vasomotor tone throughout the body, in the 
veins especially, elevates the venous pressure gradient, forcing blood toward 
the right atrium with increased rapidity.*.? This elevates the right atrial pres- 
sure another few millimeters of mercury. Then, during the following few days 
to few weeks retention of fluid by the kidneys causes progressive increase in 
interstitial fluid volume and usually also in blood volume. Both of these factors 


VOL 
9 
195 


Soares SYSTEMIC VENOUS SYSTEM IN CARDIAC FAILURE 469 


increase the mean pressure throughout the vascular system (the mean circulatory 
pressure) which forces blood toward the heart with still greater rapidity, causing 
further engorgement of the veins and further increase in right atrial pressure. 

Fig. 1 illustrates the course the venous pressure would be expected to follow 
in untreated persons with sudden cardiac failure of varying degrees. In patients 
with mild to moderate cardiac damage, the pressure will first rise only a small 
amount, but then it will continue to rise during the ensuing days until it reaches 
a plateau. On the other hand, in patients with severe cardiac damage it might 
continue to rise indefinitely until death occurs. 
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Fig. 1.—Changes in right atrial pressure immediately following acute cardiac damage and during the 
course of the ensuing two weeks. 


Effect of Cardiac Reserve in Preventing Elevated Right Atrial Pressures.—The 
right atrial pressure normally is not elevated to a significant degree until the 
heart has become very greatly weakened. The reason for this is that the normal 
heart has 300 to 600 per cent cardiac reserve, which means that the normal heart 
can pump from 4 to 7 times as much blood as that usually returning to it from 
the veins. The heart must be weakened to the point that almost all of this 
reserve has disappeared before blood will begin to dam up to a great extent under 
resting conditions in the venous system. For this reason when even a fraction 
of a millimeter rise in right atrial pressure occurs as a result of heart failure, this 
is likely to be significant. But, unfortunately, such minute changes in right 
atrial pressure cannot be measured accurately because too many other factors, 
such as hydrostatic pressure differences and especially the precise position of 
the heart within the chest cage, make it impossible to measure right atrial pres- 
sure within 1 to2 mm. Hg. Therefore, there are undoubtedly millions of persons 
who have mildly to moderately weakened hearts and yet, in performing their 
normal daily functions, never have measurable elevation of the right atrial pres- 
sure. 
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Peripheral Venous Pressure.—Peripheral venous pressures in a normal person 
are some 4 to 8 mm. Hg greater than the right atrial pressure, and this difference 
is caused principally by external pressure against the large veins at different 
points in their course to the heart. A vein remains collapsed at a pressure point 
until the pressure inside the vein rises high enough to open it against the com- 
pression, and this increases very greatly the resistance to blood flow from the 
peripheral veins to the right atrium. For this reason the normal peripheral 
venous pressure is determined more by the degree of venous compression than 
by the right atrial pressure itself, and small increases in right atrial pressure are 
usually not reflected in the peripheral venous pressure at all. However, once 
the right atrial pressure has risen high enough that back pressure can distend 
the veins despite the compression, then further increases in right atrial pressure 
will be evidenced by comparable rises in peripheral venous pressure.!°:!! 

Obviously, certain peripheral veins are affected to a less extent by external 
pressure than others. This is particularly true of the neck veins, for which reason 
these are among the first to show evidence of increased peripheral pressure. On 
the other hand, because of compression of the subclavian vein as it crosses the 
first rib, venous pressures in the arm frequently will not rise at all until the right 
atrial pressure has risen as much as 5 mm. Hg or more. 

A very interesting method has recently been introduced for reducing the 
differential between peripheral venous pressure measurements and right atrial 
pressure measurements.” The patient is placed on his right side with his right 
arm hanging downward. In this position hydrostatic pressure in the veins of 
the right side will normally keep all the veins between the arm and the heart 
distended despite the compression points. As a result, the pressure measured 
in the right arm, if proper allowance is made for the hydrostatic pressure dif- 
ference, will be only a millimeter or so different from the right atrial pressure. 
Since very minute changes in right atrial pressure can be representative of tre- 
mendous changes in cardiac functional ability, this method of measuring pe- 
ripheral venous pressures is certainly a distinct improvement over the usual 
peripheral venous pressure measurement, which unfortunately can be of value 
only in severe cases of failure. 

Distention of the Veins.—Though distention of the veins is a very common 
accompaniment of chronic cardiac failure, it is often completely absent in acute 
failure for the following reasons: First, in acute failure of the left side of the 
heart, blood is dammed in the lungs and therefore is transferred from the systemic 
into the pulmonary system. As a result, the systemic blood volume is then 
actually reduced. Conversely, in right heart failure, blood is transferred from 
the pulmonary to the systemic system, but studies on extreme acute right heart 
failure in the dog have shown that a maximum of only about 5 per cent of the 
total blood volume can be transferred from the pulmonary system to the systemic 
system!’; this is not enough to cause extensive venous distention. 

However, in the chronic stages of cardiac failure, as the fluid increases, the 
veins also progressively become distended. Furthermore, the plasticity char- 
acteristic of the veins allows them to become more and more relaxed as weeks 
and months go by so that venous distention can continue even though the venous 
pressure might not continue to rise. 
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Associated with venous distention is also distention of the venous reservoirs 
such as the spleen and liver. Here again the degree of distention and the degree 
of pathologic change are a product not only of the amount of pressure but also 
of the time that the organ has been exposed to the high pressure. 

Effect of Elevated Venous Pressure on Capillary Pressure.—In the preceding 
discussion of acute cardiac failure it was pointed out that sudden complete failure 
of the heart, to the extent that no blood at all flows, will cause the venous pressure 
to rise to a maximum value of about 14 mm. Hg. It was not pointed out, how- 
ever, that the arterial pressure falls at the same time to this same value of 14mm. 
Hg.® This is illustrated in Fig. 2. Unfortunately, it has been impossible to 
make direct measurements of the simultaneous changes in capillary pressure. Yet, 
since arterial and venous pressures become 14 mm. Hg in sudden complete fail- 
ure, one can assume that the capillary pressure has also fallen to this value. In 
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Fig. 2.—Changes in right atrial pressure, mean arterial pressure, and capillary pressure as cardiac 
pumping diminishes. The right atrial and mean arterial pressures have been measured, but only the 
beginning and end of the capillary pressure curve have been measured. The remainder of this curve is 
postulated on the basis of experimental studies described in the text. 


normal animals the mean capillary pressure has been measured many times to 
be about 25 to 30 mm. Hg. Therefore, one can reason that complete cardiac 
failure causes the capillary pressure actually to decrease an average of about 
13 mm. Hg; this is illustrated by the dashed line of Fig. 2. Though theoretically 
it would be possible for the capillary pressure to rise in mild acute failure and 
then fall in very severe failure, there are certainly no data that indicate this to 
be true, and studies on hematocrit changes during different stages of experimental 
acute right heart failure did not indicate any loss of fluid from the circulation.® 
Consequently, for the present it must be assumed that systemic capillary pres- 
sure falls in acute cardiac failure rather than rises. This is of considerable sig- 
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nificance in analyzing the course of events in the development of edema in con- 
gestive heart failure. 

One might ask the question, how is it possible for a rise in venous pressure 
during acute failure not to cause a rise in capillary pressure? The answer is 
simply that two other factors tend to decrease the capillary pressure in cardiac 
failure. First, diminished cardiac output decreases the flow of blood into the 
capillaries, which lowers the pressure. Second, and probably even more im- 
portant, extreme arteriolar vasoconstriction occurs in acute failure, which greatly 
increases the pressure differential across the arterioles; this also tends to decrease 
the capillary pressure. 

Even though the capillary pressure might initially fall in acute failure, it 
undoubtedly begins to rise very soon because of tendencies of the fluid volumes 
of the body to increase. It is well known that acute cardiac failure promotes 
fluid retention by the kidneys because of at least two different mechanisms. 
First, it is reasonable to assume that glomerular pressure falls in acute failure 
for the same reasons that capillary pressures elsewhere in the circulation fall. 
This alone would be sufficient to result in fluid retention, but, in addition, recent 
studies have shown that cardiac failure promotes release of aldosterone from 
the adrenal cortex. This in turn causes tubular reabsorption of sodium and 
concomitant reabsorption of water. Thus, in two ways the kidneys are made 
to retain fluid after the heart has failed. 

The retention of fluid increases the mean circulatory pressure throughout 
the circulation, which increases the pressure gradient for venous return to the 
heart." This in turn causes the capillary pressure to rise for several reasons. 
First, the increasing pressure gradient raises the peripheral venous pressure, 
promoting further back pressure in the capillaries. Second, the increased pres- 
sure gradient for venous return will increase the cardiac output if the heart is 
still able to respond to rising input pressures; this will increase blood flow to the 
capillaries, in this way increasing the capillary pressure. Third, the increased 
cardiac output will reduce the reflex constriction of the arterioles, thus reducing 
the arteriolar pressure gradient and allowing the capillary pressure to rise once 
more. After all these changes have taken place the capillary pressure obviously 
can become far greater than normal so that fluid then begins to pass into the 
tissues with great rapidity. 

Experiments on acute cardiac failure lasting for several hours have not 
shown indications of elevated capillary pressure within this period of time.® 
Yet, a half day or more of fluid absorption from the gastrointestinal tract, cou- 
pled with diminished fluid excretion by the kidneys, could quite easily raise the 
capillary pressure above the critical value for fluid flow into the tissues. The 
exact length of time required for this to occur obviously would depend on the 
severity of the heart damage and also on the fluid intake of the individual. 

Development of Peripheral Edema in Congestive Failure—Once the capillary 
pressure has risen above its normal value and fluid has begun to flow into the 
tissue spaces, the rate of edema development depends on the height to which 
the capillary pressure has risen and also on the resistance of the tissues to stretch. 
If the tissues were able to resist being stretched for an indefinite period of time, 
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then passage of fluid into the tissues would stop just as soon as the tissue pressure 
should rise sufficiently to balance the elevation in capillary pressure. However, 
the phenomenon of plasticity appears once more, this time in tissues rather than 
in the veins, for prolonged elevation of the tissue pressure causes the dimensions 
of the spaces to become progressively greater and greater. Therefore, the degree 
of edema at any time is a function of tissue pressure times the time that it has 
been acting. 

Edema in itself can be detrimental to the tissues throughout the body. The 
basic cause of this is probably interference with the transport of nutrients from 
the blood to the cells. The interstitial fluid conducts nutrients from the blood 
to the cells, and in the presence of excess interstitial fluid the turnover rate of 
the fluid is proportionately reduced. A striking example of this nutritional 
damage to the tissues is seen in the severe ulcers that sometimes develop in edema- 
tous areas of the skin. Also, necrotic changes often occur in edematous regions 
of vital organs. To summarize, in our present state of knowledge we know that 
edema is detrimental to a person, but how much so is yet a matter of speculation. 

The Stage of Decompensation——The term decompensation as used in con- 
gestive failure has different meanings to different people. However, one of the 
characteristics of this state is usually progressive retention of fluid. In patients 
who have only moderate cardiac damage the different compensatory factors 
that can aid the heart in its pumping, such as increased venous pressure gradient 
caused by sympathetic reflexes and increased venous pressure gradient as a 
result of fluid retention, can in many instances overcome the weakness of the 
heart itself and can return the cardiac output to normal or not far from normal. 
However, if the heart is so weakened that these different compensatory factors 
fail to re-establish almost normal cardiac output, then the kidneys will continue 
indefinitely to retain fluid. And beyond a certain degree of fluid retention more 
damage than good will certainly occur, leading to a vicious cycle of cardiac 
deterioration. 

For many years it has been taught that the final deterioration of the heart 
in decompensation is probably caused by the venous pressure rising so high that 
it dilates the heart beyond its physiologic limits. In our own experiments, how- 
ever, we have found that the venous pressure level at which the heart begins 
to deteriorate as a result of high venous pressures is usually about twice as high 
as the pressure at which the condition of a patient with congestive failure often 
begins to deteriorate. Therefore, it might be suggested that the deterioration 
of the heart is caused not entirely by elevation of venous pressure but also by 
secondary factors as well. One possibility could be progressive development 
of nutritional disturbances in cardiac musculature as a result of edema, for un- 
doubtedly the heart shares in the development of edema along with other tissues 
of the body. Many studies in recent years have emphasized metabolic dis- 
turbances in the failing heart, some of which could easily result from abnormal 
nutrition. But regardless of the exact cause of cardiac weakening in the late 
stages of decompensation, it certainly does occur and can lead to rapid death. 
Fortunately, simple procedures such as salt restriction and use of diuretics to 
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prevent the build-up of fluid in the body are frequently also capable of preventing 
this vicious cycle of cardiac deterioration. 


SUMMARY 


The venous system functions in cardiac failure both actively and passively. 
In acute failure, circulatory reflexes elicit widespread increase in venomotor 
tone within a matter of seconds. This in turn elevates the venous pressure 
gradient which helps to maintain adequate cardiac output despite the weakened 
heart, for even a weakened heart can pump considerably increased quantities 
of blood when it is primed with sufficient blood. Without this increase in veno- 
motor tone, the heart could incur far less acute damage than it actually does 
and result in death. 

Immediately after acute weakening of the heart the rise in venous pressure 
probably is not sufficient to cause a rise in capillary pressure. The reason for 
this is that acute failure is usually accompanied also by diminished cardiac out- 
put and reflex arteriolar constriction, both of which decrease the capillary pres- 
sure, opposing the effect of elevated venous pressure. However, the kidney 
immediately begins to retain fluid, causing among other things considerable 
additional elevation of venous pressure, increased cardiac output, and diminished 
reflex constriction of the arterioles. As these effects occur, the capillary pressure 
rises to very high values, resulting in edema. 

If the different compensating factors that help to compensate for the failing 
heart do not return the cardiac output almost to normal, then renal retention 
of fluid is likely to continue indefinitely, causing progressively more and more 
edema until the heart itself finally deteriorates either as a result of too much 
input pressure from the veins or possibly as a result of diminished nutrition 
caused by edema within the cardiac musculature itself. Unfortunately, the 
precise nature of this final deterioration is yet very unclear, but treatment aimed 
at preventing continued fluid retention is often effective also in preventing the 
cardiac deterioration. 
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HRONIC congestive heart failure is a widely used but somewhat ambiguous 

term. It is now, however, generally agreed that the term should apply to 
either chronic left or right ventricular failure or a combination of the two. The 
precise meaning of congestion is rarely discussed. There is certainly an abnormal 
rise of systemic or pulmonary venous pressure and a very variable and often 
unmeasured and, as yet, unmeasurable increase of blood volume in these systems. 
It would appear reasonable to use the term ‘“‘congestive’’ in a hemodynamic 
context whenever there is an increase of pressure in either the systemic or pulmo- 
nary veins. The problem of changes in blood volume and the redistribution of 
these volumes are being considered in another paper in this symposium, and 
pressures and flow will be the aspects mainly discussed in the present article. 

In the last 25 years the mechanics of heart failure have been greatly clarified 
by the concept that either ventricle can fail separately and give rise to distinct 
clinical syndromes. However, as the ventricles are in a series within the circu- 
lation, severe failure of either will eventually cause a general reduction of body 
flow with many common results. Further, the failure of the left ventricle will 
inevitably increase the pressure load on the right ventricle, which, with its lesser 
power and reserve, may also eventually fail. 

The function of the healthy heart is to pump normal quantities of blood to 
the body and lungs under all physiologic conditions while maintaining normal 
low pressures behind each ventricle. The atrial pressures are of the order of 
2 to 4mm. Hg on the right and of 5 to 9 mm. Hg on the left. This difference is 
said to be due to the greater compliance and capacity of the right atrium, which 
is also in open communication with the capacious systemic veins. The left 
atrium and pulmonary veins compose a smaller and less compliant system. The 
level of the atrial pressure is largely determined by the pressure in the ventricular 
cavity during diastole. If this is abnormally raised, blood flow from the atrium 
will decrease until its distention causes a rise in pressure above the ventricular 
diastolic pressure when flow through the valve will be resumed. Normally, after 
ventricular ejection, the residual volume is of an order which will result in a very 
low pressure in the ventricle as it relaxes. If, however, the ventricular muscle 
is unable for any reason to empty its cavity adequately, the residual blood volume 
and intraventricular diastolic pressure will increase. There is much to be learned 
about the pressure-volume relationships of the relaxed ventricle both in health 
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and disease and these certainly vary under different humoral and neural influences, 
which have profound effects on myocardial performance and the control of cardiac 
output. 

The rise of ventricular diastolic and filling pressure is the first hemodynamic 
stage of ventricular failure and it usually occurs first without a reduction in out- 
put. It is a definite degree of failure in so far as the organ is now causing un- 
desirable pressure effects behind it. A simple example of this state of affairs is 
a patient with severe systemic arterial hypertension who has a normal cardiac 
output and wedge pressure (approximate left atrial pressure) at rest. When he 
exercises, the cardiac output response may still be normal but there is a sudden 
rise of left ventricular diastolic, left atrial, and pulmonary venous pressures 
which cause ventilatory discomfort and dyspnea. 

As the myocardium becomes increasingly weakened, there is not only a rise of 
filling pressure but also a fall of stroke output. Increased heart rate may com- 
pensate for a period, but a fall of total output usually follows. This fall of output 
may be present only on exertion at first and then finally while at rest. Although 
it has been customary to speak of congestive failure only when there is clinical 
or hemodynamic evidence of raised pressures behind the ventricle at rest, the 
modern view is that congestive failure is present if evidence of abnormal filling 
pressures become manifest during any normal degree of activity. Congestive 
failure is used in the latter sense in this article, and emphasis is laid on the early 
causes and events rather than on the only too familiar picture of the final stages. 

The maintenance of a normal blood flow in the early stages of ventricular 
inadequacy by a raised diastolic and filling pressure is said to be a “‘simple’”’ 
example of Starling’s law of the heart.! The increased intraventricular blood 
volume during diastole will cause a lengthening of heart muscle fibers at the end 
of diastole and before systole. The energy liberated on contraction is stated 
to be a function of the initial length of the fibers and thus the diminished heart 
action is once more increased. However, the facile use of the Starling law in 
clinical medicine is to be discouraged in our present state of knowledge. It has 
been demonstrated on isolated hearts or on the hearts of experimental animals 
under varied but artificial conditions. The filling pressure is usually raised by 
imposing an increased pressure on the atrium or by an acute forward overloading 
such as aortic constriction.2. It has now been shown that the myocardium is 
under many humoral and neural influences which can completely override the 
simple Starling relationships in the intact body.’ In a healthy person the ven- 
tricle can increase its stroke work with an actual fall in filling pressure and di- 
astolic volume.! 


RIGHT VENTRICULAR FAILURE 


Let us now consider the main causes of right ventricular failure and the 
various hemodynamic disturbances. The clinical picture of right ventricular 
failure with raised systemic venous pressure with or without edema does not 
require description. Again the cardiac output may be low or normal, either 
at rest or on exercise. 
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The myocardium may fail without any added pressure or flow load. The 
most familiar example of this is myocardial ischemic insufficiency due to coronary 
arterial disease. Isolated right ventricular failure from this cause is not very 
common. Acute rheumatism, diphtheria, and other forms of toxic myocarditis 
may cause myocardial failure but usually both ventricles are affected. 
Myocardial Failure With Excessive Load.—This is by far the largest group. 
The right ventricle has been performing increased, and often increasing, work 
for long periods and then finally fails. The failure is usually due to two factors: 
an inexorable increase of the load on the ventricle (i.e., progressive pulmonary 
arterial hypertension), or the myocardium’s outgrowing the blood supply avail- 
able. Minimal degrees of coronary arterial disease or general metabolic dis- 
turbances will be of critical importance under such conditions. There is still 
considerable debate concerning the late effects of rheumatic carditis on the ef- 
ficiency and performance of the ventricular muscles. The degree of fibrosis 
and vascular pathology in the myocardium is surprisingly small in the vast 
majority of patients with chronic rheumatic heart disease. Hemodynamic 
studies related to the occurrence of Aschoff nodes and other changes would sug- 
gest that this aspect has been given excessive emphasis. Patients have been 
described in whom right ventricular failure has occurred without pulmonary 
hypertension and it has been suggested that these patients have severe myo- 
cardial involvement. In my own experience such cases are exceedingly rare. 
Excessive pressure load: The commonest cause of right ventricular over- 
loading is pulmonary hypertension and the commonest cause of pulmonary hyper- 
tension is mitral stenosis. In this disease the pressure behind the mitral valve 
rises gradually. Even if it reaches figures in the region of 30 mm. Hg, however, 
the mean pulmonary arterial pressure will be raised only by 20 mm. Hg and this 
is not a very great pressure load even on the right ventricle. The critical occur- 
rence in this disease is the development of increased resistance of the pulmonary 
vascular bed and it is this which finally causes right ventricular failure. We 
have no precise information as to why this occurs. Reflexes from the pulmonary 
veins or auricle have been postulated but they cannot be demonstrated in animal 
experiments. If the atrial pressure is increased in such experiments, the pulmo- 
nary vascular resistance falls a little because of passive distention and then re- 
mains constant with further increases in pressure.’ In mitral stenosis, there is 
no constant correlation between left atrial (wedge) pressure and increase of 
pulmonary vascular resistance. The pulmonary vascular resistance is higher 
in patients with long-standing mitral stenosis, in those with auricular fibrillation, 
and in those with low cardiac outputs. However, all these may be merely com- 
mon occurrences late in the disease and no causal relationships have been demon- 
strated. It is possible that some of the pulmonary vascular resistance is not 
arteriolar (muscled small arteries not the precapillaries), but is due to increased 
negativity of intrathoracic pressure with a collapsing effect on pulmonary pre- 
capillaries, capillaries, and venules which are exposed to near-atmospheric al- 
veolar pressures. It is also possible that differential changes in lung compliance 
may also contribute indirectly to the increase in vascular resistance: the bases 
of the lungs may have higher vascular pressures with a greater decrease of com- 
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pliance than at the apices; basal ventilation may then decrease and alveolar 
oxygen tension may fall with local vasoconstriction. The effect of vasomotor 
action may be greater than normal because of degenerative endothelial changes 
which cause a reduction in caliber and the presence of muscle hypertrophy. 
Whatever the causes of this increased pulmonary vascular resistance, it is cer- 
tainly the most important factor in regard to the prognosis and development 
of right ventricular failure. 

If stenosis of the mitral valve progresses as the years go by and a normal 
cardiac output is maintained, the true pulmonary capillary pressure will rise 
above the oncotic pressure and fatal pulmonary edema will inevitably occur. 
This does not usually happen because the resting cardiac output begins to fall 
in many cases without a rise of right ventricular diastolic or right atrial pressure. 
This is partly due to the onset of auricular fibrillation’? producing about 25 per 
cent fall. It is often said that there is such severe mitral obstruction that the 
normal flow cannot be maintained. This, however, is a deceptive explanation 
insofar as if the right ventricle continued to pump normal quantities of blood 
the pressure behind the stenosed valve would maintain a normal flow through 
the valve. It is also stated that the right ventricle reduces its output because 
of the increasing forward work against pressure. Again this only describes what 
happens and does not explain it. Nevertheless, there is a striking correlation 
between the reduction of the cardiac output and the rise of pulmonary vascular 
resistance. The fall of flow without failure (as judged by a normal filling pres- 
sure) in the resting state suggests an adaptation of the cardiovascular centers 
and the maintenance of a normal blood pressure with a low flow and increased 
systemic vascular resistance, just as the anemic patient is adapted to a high 
flow and decreased vascular resistance. Many of these patients do show a rise 
of right atrial pressure on exercise and, in most instances, an impaired cardiac 
output response to exercise. This will cause urgent barostatic adaptations and 
vasoconstriction will occur in many parts of the body to maintain arterial pres- 
sures and adequate perfusion of the brain, heart, and exercising muscles. Since 
many of these patients are still up and about, this vasoconstriction will be in- 
voked over long periods day after day. It is feasible that such patients will 
finally have increased peripheral vascular resistance even at rest and that a state 
of low body blood flow will occur at rest although the right ventricle is not in 
failure under these conditions. The close correlation found between the degree 
of pulmonary vascular resistance, the exercising cardiac output response, and 
resting cardiac output would support the hypothesis that the onset of right 
ventricular insufficiency on exercise may be the initiating factor in this series 
of events. 

A few words are necessary concerning the effects of mitral valvotomy. It 
is still difficult to explain why the best results are usually obtained in moderately 
disabled patients with raised wedge pressures, increased pulmonary vascular 
resistance, and low cardiac outputs. In patients with relatively low pulmonary 
vascular resistance and normal cardiac outputs, the clinical improvement is 
rarely so marked. In the former patients it is probable that the disease process 
is no longer active; further, they appear to maintain the important circulatory 
adaptation of low resting blood flow without right ventricular failure. 
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Our findings before and after mitral valvotomy appear to support this thesis. ® 
In the ‘excellent’ results there was a moderate fall of pulmonary arterial pres- 
sure, pulmonary vascular resistance, and the pulmonary wedge pressure. Ven- 
tilation was usually normal at rest and on exercise despite the continuance 
of high pulmonary wedge pressure on exercise. Most surprisingly, the cardiac 
output both at rest and on exercise was still low in many patients who had had 
good valve opening and adequate mobilization and had excellent exercise toler- 
ance. The resting cardiac outputs were even lower than before operation in the 
great majority of these patients. This was thought to be due to the fall in resting 
ventilation, an increase in lung compliance, and a resultant reduction in respira- 
tory work and oxygen demands. However, it was still difficult to explain why 
patients without any evidence of right ventricular embarrassment had such low 
cardiac outputs when the mitral valve had been so widely opened. It may be 
that these patients have not only had the benefit of the operation with reduced 
transpulmonary vascular pressures but that they also continue their natural 
adaptation to cardiac disability. This consists of a reduced cardiac output and 
ventricular work at the relatively small cost of moderately reduced skin, visceral, 
and exercising muscle blood flow. 

Other causes of increased pressure load on the right ventricle do not present 
such difficult hemodynamic problems. Pulmonary stenosis without shunt con- 
trasts with acquired heart disease as these patients have grown a powerful right 
ventricle and it is not hypertrophied in the usual sense insofar as the individual 


fibers are relatively normal in size and normally supplied with blood. This 
would explain why the right ventricle in such conditions behaves more like the 
left with chronic congestive failure at rest being rare and paroxysmal acute 


failure being more common. 

Cor pulmonale is predominantly due to increased pulmonary arterial pres- 
sures; an increased flow plays a minor role in some instances. In severe bronchi- 
ectasis, massive pulmonary fibrosis, pulmonary infiltration with or without 
fibrosis, cystic disease, etc., the disease is usually terminated by irreversible 
right ventricular failure even though respiratory symptoms may be marked. 
The increased pulmonary arterial pressure is due to increasing reduction and 
mechanical resistance of the pulmonary vascular bed. Such changes are largely 
irreversible in contrast to hypoxia and infection which often contribute to the 
hypertension and myocardial failure in the final stages. 

In pulmonary emphysema, however, the disease may be long standing and 
severe without any marked degree of pulmonary hypertension, although pulmo- 
nary arterial pressure increases moderately on exercise. The ‘‘small heart,” 
so well known clinically in these cases, is evidence of lack of right ventricular 
stress. If these patients suffer acute respiratory infections, they are in grave 
danger because a formidable and near-lethal hypoxemia may occur acutely. 
The heart responds to the acute hypoxemia by a considerable increase in output, 
which may be initiated by generalized vasodilatation. Although the myocardial 
blood supply is almost uniquely privileged, it is probable that myocardial oxygen 
tensions are also considerably depressed. The pulmonary arterial pressure rises 
abruptly. This is usually considered to be due to hypoxic pulmonary vasocon- 
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striction, but it is often of an order which makes this unlikely as a complete 
explanation. Further, high oxygen tensions do not immediately relieve it to 
any great extent. There is no doubt that in large areas of infected and collapsed 
lung there is no longer free circulation and there may be hypoxic left ventricular 
embarrassment in some cases with increased back pressure. These patients 
appear unable to initiate any regional circulatory economy like the patients 
already discussed and this is probably due to the hypoxia and hypercarbia, both 
of which are potent local vasodilators. If these patients are given antibiotics, 
oxygen, and digitalis, they often recover remarkably and the pulmonary arterial 
pressure returns to near-normal levels. 

A number of patients with emphysema do develop a more marked degree 
of permanent pulmonary hypertension with right ventricular hypertrophy and 
dilatation. These patients usually have polycythemia and increased blood 
volume. Although their ventilatory capacity may not be of the very low order 
often encountered in emphysema, they show unusually severe distributional 
defects and considerable arterial blood desaturation which is greatly increased 
on exercise. It is probable that the recurrent severe hypoxemia is responsible 
for both the polycythemia and the embarrassment of the right ventricle. 

The high body blood flow in cor pulmonale can be appreciated clinically. 
The skin, in contrast to the skin in low output syndromes, is warm. Cerebral 
blood flow is disproportionately increased owing to the potent vasodilating effects 
of carbon dioxide on the cerebral circulation. Hypoxia contributes to this to a 
lesser extent. Headaches with raised cerebrospinal fluid pressure and even 
papilledema may result. 

The repeated occurrence of relatively ‘‘silent’’ pulmonary emboli from an 
unnoticed peripheral lesion causing recurrent venous thrombosis may cause 
chronic right-sided congestive heart failure due to the resultant increase of the 
pulmonary vascular resistance. In the absence of any obvious heart disease 
these are often classified as undiagnosed cases of cor pulmonale. 

Excessive flow load: In patients with high pulmonary flow due to a septal 
defect (atrial or ventricular) or a patent ductus arteriosus, the right ventricle 
may function without any evidence of distress for many years. It has been 
shown that myocardial efficiency is considerably greater with an increased flow 
load than with an increased pressure load® and this is in accord with clinical 
experience. These patients show remarkably normal or near-normal pulmonary 
arterial pressures with extremely high pulmonary blood flows which would cause 
some degree of rise of pulmonary arterial pressure in normal subjects. If the 
pulmonary vascular resistance increases, the right ventricular myocardium soon 
becomes embarrassed and failure, at first on exercise and later at rest, supervenes. 
The raised pulmonary arterial, right ventricular and arterial pressures cause a 
reverse of shunt (cyanosis tardive). This will reduce pulmonary blood flow but 
the pulmonary hypertension is largely irreversible because of arterial obstruction, 
and failure is rarely relieved. Besides, if right ventricular performance is tempo- 
rarily improved, pulmonary blood flow and right ventricular work will again rise. 

The critical occurrence in these patients, as in the patients with mitral ste- 
nosis, is the development of an increased pulmonary vascular resistance. At 
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present we are ignorant of the causes of this or of why it should occur in some 
patients and not others. The claim that it may stem from developmental dif- 
ferences of the smaller pulmonary arteries does not advance us much further. 
Sections of lungs show not only endothelial proliferation but multiple thrombotic 
areas in the small vessels and extreme dilatation of proximal branches behind 
the obstruction. It is possible that these patients may join the ever-growing 
fraction of the population who are on anticoagulants. 

A second large group of patients with increased flow load are those with 
hyperkinemia. Since both ventricles are involved, these patients will be dis- 
cussed later. 

If there is regurgitation of blood through either the inlet or outlet valve of 
the ventricle, the ventricle will pump increased quantities of blood to maintain 
an effective flow forward. 7vicuspid regurgitation is more often a result of right 
ventricular insufficiency than a cause of it. The tricuspid valve just barely 
closes the atrioventricular orifice in the normal subject and that is with the aid 
of ventricular contraction (ring area) and the normal positioning of the cusps 
by atrial contraction. Even in the normal subject there may be a slight leak 
of blood, and right ventricular insufficiency, particularly with dilatation, usually 
results in considerable reflux. The chordae tendineae also prevent proper closing 
of the tricuspid valve cusps if the ventricular cavity is large. The added ven- 
tricular work due to tricuspid regurgitation is not great because the leak is to a 
relatively low pressure area. ~~. 

Pulmonary valve regurgitation is usually due to severe pulmonary hyper- 
tension and extreme dilatation of the pulmonary artery. This complication 
causes a considerable increase in right ventricular work if the reflux is of any 
magnitude. 

Inadequate Filling.—Finally we come to right heart “‘failure’’ due to poor 
filling. This can be termed failure insofar as the heart can no longer pump 
normal quantities of blood and there are raised pressures behind the ventricles. 
It does not, however, usually involve myocardial failure. Because there is a 
fall in output and increase in systemic venous pressure, these syndromes are 
usually classified with chronic congestive failure. It should be appreciated that 
it is a very different type of failure and is of mechanical and not myocardial 
origin. Digitalis will have no important effect unless there are complicating 
factors. 

Tricuspid stenosis is the most obvious cause of obstruction to filling. It is 
only rarely an isolated lesion and usually associated with severe mitral stenosis. 
The atrium can work only against very slight obstruction and it soon dilates 
after initial hypertrophy and atrial fibrillation develops in the later stages. There 
is peripheral cyanosis due to the low output and skin vasoconstriction. If cardiac 
cirrhosis with failure occurs, the classical olive color appears. Edema is the 
result of the high venous pressure and reduced renal blood flow causing water 
and salt retention. The renal factor is almost certainly the more important of 
the two. This lesion can be relieved successfully by operation. Careful review 
is necessary to assess the presence of tricuspid incompetence or of other valve 
lesions. Pressure studies in the right atrium and ventricle are invaluable. 
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Constrictive pericarditis is another example of “‘filling failure.”’ It is now 
well established that there is no venoatrial or atrioventricular obstruction. No 
important gradient can be shown in these sites. The heart is ‘‘boxed in” by 
thick unyielding fibrosis and granulations and the ventricles cannot dilate ade- 
quately to accept a normal stroke volume. Tachycardia will compensate to 
some extent for the low stroke volume, but this compensation is rarely complete. 
The low output causes peripheral vasoconstriction and renal flow is greatly 
reduced. Water and salt retention occurs and the blood volume is greatly in- 
creased. In the presence of poor ventricular filling, this increase in volume is 
inevitably stored in the major veins and even higher pressures result. These 
pressures will cause an increased intraventricular pressure during diastole, par- 
ticularly since the pressure/volume relationships are not just those of the myo- 
cardium but of the surrounding pathologic tissues as well. 

Both ventricles are equally affected and the left atrial pressure and trans- 
pulmonary vascular pressures are also raised. The pulmonary blood volume is 
usually increased. Dyspnea on exertion is due to this increased pulmonary 
vascular pressure with its effects on lung compliance and ventilation. Pressure 
records from the right ventricle during diastole show an early decrease followed 
by an abrupt rise in pressure. This is not unique as it is found in diffuse myo- 
cardial disease and in subendothelial fibroelastosis, which reduces the size of 
the ventricular cavity and the compliance of its walls. Operation can give excel- 
lent results if adequate resection on both sides of the heart is carried out. 


Finally, pericardial effusion may also give rise to a similar syndrome, which 
can be abruptly relieved by aspiration. 


LEFT VENTRICULAR FAILURE 


The failure of the left ventricle causes a rise in left atrial, pulmonary venous, 
and capillary pressures. This causes signs and symptoms which are mainly 
related to the lungs. There is a reduction of lung compliance and an increase 
in ventilation causing a considerable increase in respiratory work and the sen- 
sation of dyspnea. If the ventricular insufficiency is severe, rales and rhonchi 
are heard throughout the lungs. If the attack is acute, the familiar syndrome 
of cardiac asthma is seen. If the pressure behind the left ventricle becomes suf- 
ficiently high, frank pulmonary edema occurs. 

It has only recently been appreciated how severely the ventilatory capacity 
may be reduced in left ventricular failure. Respiratory studies show a great 
increase in the resistance of the airways to air flow. The presence of transudate 
in alveolar walls, alveoli, and air passages may cause sufficient interference with 
oxygen transfer to bring about poor oxygenation of peripheral arterial blood. 
During cardiac asthma, arterial blood oxygen desaturation and even carbon 
dioxide retention can occur.'!° However, it is remarkable how severe pulmonary 
symptoms may be in some cases without grave arterial blood oxygen desaturation. 

Even in chronic left ventricular insufficiency, failure is far more episodic 
(paroxysmal) than is the case with the right ventricle. This difference may be 
more apparent than real. The pulmonary capillaries, which are exposed to near- 
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atmospheric pressures, are exceedingly vulnerable and their position immediately 
behind the powerful left ventricle normally insures that they are never exposed 
to any marked rise in pressure. The left atrium and pulmonary veins do not 
have the large reservoir action of comparable structures on the right side. A 
sudden and sustained rise in pressure will result in death from pulmonary edema. 
Right heart failure of the same degree can occur without such acute respiratory 
symptoms or immediate threat of death. A further important feature of the 
powerful left ventricle is its capacity to maintain flow until the relatively late 
stages of failure. 

Left ventricular insufficiency is usually first manifest by acute shortness 
of breath on exercise. The right ventricle may show similar acute rises in filling 
pressure on exercise but the dyspnea is rarely so acute or severe, because pulmo- 
nary congestion does not occur unless the right ventricular failure is secondary 
to left ventricular failure or left intracardiac obstruction. Why patients with 
chronic left ventricular insufficiency may be able to carry out moderate exercise 
during the day and yet develop signs and symptoms of acute left ventricular 
insufficiency after resting several hours in bed has long been a matter of specu- 
lation. The theory that there is increased cardiac output and work when the 
patient is lying flat has not been confirmed by studies of these patients." Great 
confusion is caused by quoting the results obtained immediately after acute 
and passive tilting which is an entirely different state of affairs. Lying in postures 
unfavorable to cardiac action is an equally doubtful explanation. The occurrence 
of sudden movements and acute overloading of the left ventricle are also postu- 
lated but these are trivial episodes when compared with exercise performed 
during the day. Bad dreams are also blamed. Although not yet proved, the 
occurrence of an increase in systemic vascular resistance during sleep would 
appear to be the most likely cause of this sudden nocturnal left ventricular failure. 
Change in blood volume during the night is another important possibility. 

Let us now consider the various specific causes of left ventricular failure. 

Myocardial Failure Without Increased Work.—Myocardial damage in the 
absence of increased ventricular work is almost always due to coronary arterial 
disease. Myocardial ischemia may occur with or without anginal pain. In- 
farction may cause acute failure from which, if not fatal, the patient may recover, 
or it may become chronic. Right heart failure may supervene with the increased 
pressures in the lesser circulation, particularly if the infarction has also caused 
some right ventricular damage, if there is previous ischemic damage, or if an 
abnormal rhythm supervenes and interferes with cardiac function. The acute 
pulmonary congestion may be relieved by the onset of right ventricular failure 
as well. Levine” once said that it is more comfortable to have two flat tires 
than one, although the speed downhill may be increased. There are other causes 
of myocardial damage such as rheumatic, diphtheritic, or ‘‘toxic’’ (Fiedler’s) 
myocarditis. 

Myocardial Failure With Excessive Load.— 

Excessive pressure load: Under these conditions myocardial failure usually 
occurs after a long period of hypertrophy. Although obvious, it is often for- 
gotten that hypertrophy alone, even of a severe degree, does not cause the left 
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ventricle to become greatly enlarged. If it is significantly enlarged, dilatation 
has occurred and a raised filling pressure is usually present. This, of course, 
is only true in patients in whom regurgitation (aortic or mitral) is not present. 

The commonest cause of increased pressure load is hypertension, whether 
essential or secondary to nephritis or other conditions. In undisabled patients 
with essential hypertension, there is a normal cardiac output": and a greatly 
increased systemic vascular resistance. Studies of regional blood flow show that 
the increase in vascular resistance is generalized®67 and that each organ 
receives its normal quota of blood both at rest and on exercise. There is a normal 
fall (proportionately) of systemic vascular resistance on exercise.* The following 
findings were obtained from a recent study of patients without clinical evidence 
of heart failure at rest.11 They divided naturally intotwogroups. The first group 
had little or no exertional dyspnea and the heart was not markedly enlarged. 
These patients showed normal cardiac outputs and wedge pressures at rest. 
On exercise all had normal cardiac outputs but some showed evidence of transient 
left ventricular failure insofar as the wedge pressure became abnormally raised. 
The second group were definitely disabled by exertional dyspnea and had con- 
siderable left ventricular enlargement. The resting wedge pressure was normal 
in most instances and the cardiac output was low to normal. Some had raised 
resting wedge pressures with or without an abnormally low cardiac output. On 
exercise all these patients showed an impairment of cardiac output response 
and a rise in wedge pressure. 

These patients provide an excellent illustration of all gradations of left 
ventricular failure up to but excluding gross clinical heart failure. 

Aortic stenosis is the classical example of increased pressure load with extreme 
left ventricular hypertrophy but an almost normal-sized ventricular cavity. 
The old pathologic term, ‘‘central hypertrophy,” is a vivid description which, 
however, does not appreciate the hemodynamic situation. In order to maintain 
an adequate flow and aortic pressure, enormous intraventricular pressures are 
developed. There is extreme ventricular hypertrophy as the valve orifice be- 
comes smaller and smaller. The blood supply of the enormously hypertrophied 
ventricular muscle becomes precarious in the later stages of the disease. In this 
condition the onset of left ventricular insufficiency has certain dramatic features. 
When the patient exerts himself there is a rise of filling pressure and impaired 
cardiac output response on exercising. This may cause such an abrupt fall in 
aortic pressure that syncope irom cerebral ischemia occurs before barostatic 
adjustments (regional vasoconstriction) can take place. The coronary perfusion 
pressure also falls and this has a further deleterious effect on ventricular per- 
formance. Angina, therefore, is common. It may also occur in patients who 
are still maintaining a normal exercising cardiac output when myocardial work 
and oxygen uptake are in excess of the oxygen supply for a maximum coronary 
blood flow. Ischemic myocardial necrosis has been described in patients without 
any evidence of coronary arterial disease.!* 

Operation is now becoming increasingly feasible and the exact measurement 
of the degree of the stenosis, particularly in the presence of some regurgitation, 
by aortic catheterization and left ventricular puncture with simultaneous flow 
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measurements is quite commonplace. The great hazard of this operation, apart 
from the acute operative risks, is the occurrence of severe aortic regurgitation 
afterward. Most patients coming to operation are already suffering from left 
ventricular insufficiency as well as some degree of dilatation and the increase 
in size of the heart with aortic regurgitation is usually a further burden that 
cannot be borne. 

Coarctation of the aorta is another cause of pressure overload on the left 
ventricle. In view of the increasing safety of the operation for its correction, 
this condition merits considerable discussion, particularly as there is a wide 
divergence of opinion as to the indications for operation. The hemodynamic 
situation in this disease is a most interesting one. In the normal subject the 
upper and lower body vasculature are, as it were, in parallel from a common 
aorta. The vascular resistances and therefore the blood flow to the two halves 
of the body are approximately equal. In coarctation of the aorta the blood 
flowing to the lower half of the body has the intervening resistance of the co- 
arctation and the collaterals between it and the upper aorta. It is a matter of 
observation that the flow to all parts of the body is still normal and therefore 
remarkable circulatory adaptations must have taken place. If no such adapta- 
tions had occurred, the upper body would receive more and the lower body less 
blood than normally. The flow to the lower body could theoretically be main- 
tained at normal levels by three separate mechanisms. First, the cardiac output 
could increase until, although the lower body receives a reduced fraction of the 
cardiac output, the absolute flow becomes normal. This would mean, however, 
that the upper body would receive an unduly large blood flow and this, as judged 
by previous studies,’ is not the case. A second possible mechanism would be 
a reduction of the resistance of the lower body vasculature of the same order 
as the resistance between upper and lower aorta. This would cause normal 
blood flow to the upper and lower parts of the body. However, the resistance 
of the leg vasculature has been shown to be normal.'® The third mechanism, 
which appears to be that invoked in this disease, would be an increase in the 
upper body vascular resistance of the same order as the resistance between the 
upper and lower aorta. This would result in normal flows to all areas, a high 
upper body vascular resistance, and a normal lower body vascular resistance. 
Studies of arm and leg blood flow and vascular resistances are in accord with 
this.'® 

In a recent study?’ of young (up to 30 years of age), fit patients with this 
disease, who had good exercise tolerance, we found definite evidence of a raised 
cardiac output in many cases and this would suggest that the first mechanism, 
advanced on entirely theoretical grounds, is present to some degree. A number 
of these patients had normal brachial arterial diastolic pressures and only moder- 
ately raised systolic and mean pressures. On exercise, however, the striking 
feature was an enormous upper body arterial pulse pressure, owing no doubt to 
the reduced capacity of the immediate aortic reservoir and possible secondary 
degenerative changes in the aortic wall. Thus, although these patients are fit 
and in no immediate danger of left ventricular failure, their aortic walls are sub- 
jected to peak systolic pressures of 250 to 350 mm. Hg whenever they exercise. 
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This would explain the later occurrence of severe aortic wall damage and aortic 
valve regurgitation which embarrasses the already overloaded left ventricle 
and renders operation more dangerous. A further most important finding was 
the presence of a raised wedge pressure on exercise in a number of these patients 
showing that some degree of left ventricular failure was, in effect, already present. 
This was found particularly in those patients with mean upper body arterial 
pressures, on exercising, of about 160 mm. Hg. 

After operation there was the usual fall in upper body arterial blood pressure 
in the large majority of cases. In patients with only slightly or moderately 
raised total systemic vascular resistance before operation, the fall in blood pres- 
sure was mainly due to a fall in cardiac output and not to the systemic vascular 
resistance. In the patients with a high total systemic vascular resistance before 
operation there was a marked fall in this resistance and little change in cardiac 
output. 

Upper body arterial blood pressures upon exercising were considerably 
reduced. The high peak systolic blood pressure upon exercising was also greatly 
reduced, although still abnormal. Further, the raised exercise wedge pressures 
returned to normal levels and there was objective evidence of the disappearance 
of left ventricular failure on exertion. 

Clinicians who are in doubt concerning the wisdom of operation in the early 
years of life when the resting pressures are not high should always study their 
patients during exercise. The presence of high peak systolic pressures and mean 
arterial pressures over about 160 mm. Hg may persuade the doctor to advise 
operation before gross aortic damage, aortic valve leakage, and left ventricular 
failure all render operation hazardous and_ unsatisfactory. 


Regurgitation: In aortic regurgitation of any important degree there is dila- 
tation of the left ventricle to accommodate the blood which is returning from 
the aorta as well as the normal stroke volume and the residual volume. This 
dilatation is not that of failure since the diastolic intraventricular pressure and 
atrial pressure remain normal for many, many years. As the bulk of the regurgi- 
tation occurs early in diastole, the increased size of the ventricular cavity is 
essential to prevent an acute rise in pressure which would interfere with flow 
through the mitral valve. The maintenance of mitral valve flow with normal 
left atrial pressures in the presence of enormous regurgitation from a high pres- 
sure zone (aorta) is a remarkable state of affairs. The low aortic diastolic pres- 
sure greatly reduces the left ventricular work. After long periods of ‘‘compen- 
sation,” failure is usually acute and severe. The further dilatation of an already 
large and hypertrophied left ventricle appears to be critical. 

In mitral regurgitation the left ventricle forces blood back into the left atrium 
during systole. As the pressure in the atrium is far less than that in the aorta, 
the leakage is very great even if the orifice is quite small. It is estimated that 
over half the stroke volume may be pumped backward in severe cases. The 
ventricle is dilated but hypertrophy is not so marked as in severe aortic regurgi- 
tation since the extra work involved is only that of pumping blood into a rela- 
tively low pressure cavity. Extreme dilatation of the atrium is usual and fibril- 
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lation occurs early. The pulmonary vascular resistance rarely rises to the levels 
encountered in severe mitral stenosis and therefore right ventricular failure 
may be considerably delayed despite gross regurgitation. 

Hyperkinetic States—A hyperkinetic circulatory state is said to be present 
when the resting cardiac output is raised. The clinical signs are a warm skin, 
collapsing pulse, muscle ‘‘knock,’’ and a low diastolic and high pulse pressure 
in the arterial system. The precise clinical estimation of the degree of hyper- 
kinemia can be very difficult, especially with excitement or a hot environment. 
True hyperkinemia has been confirmed by more precise methods of investigation 
and is present in severe anemia,”! thyrotoxicosis,” arteriovenous communication” 
(including severe Paget’s disease*'), liver disease,”> beriberi,?® fever, and in some 
cases of cor pulmonale. In all instances there is generalized vasodilatation with 
a low diastolic blood pressure. Although in a number of these conditions (anemia, 
anoxemia) an increase in general body blood flow would appear to be obviously 
beneficial if the heart is not embarrassed, the precise mechanisms whereby the 
high cardiac outputs are initiated are not known. It is generally considered to 
be due to peripheral vasodilatation with a secondary rise in blood flow to main- 
tain arterial pressure. However the order of events would be just as easily the 
opposite of this, i.e., an initial high flow causing vasodilatation. 

It has been shown that the high output state is present in all grades of ac- 
tivity and that the exercising cardiac outputs are enormously increased, par- 
ticularly in anemia. The striking abnormality is the high stroke volume both 
at rest and on exercise and this appears to be the keystone of the hyperkinetic 
state.2? Many of these patients have high outputs with normal systemic and 
pulmonary venous pressures and the high outputs are not initiated or maintained 
by raised venous and filling pressures. If a raised systemic venous or wedge 
pressure is found then the first degree of failure is present. It has been objected 
that a ventricle cannot be failing if it can still pump very large quantities of 
blood. Yet the ventricle of a person with severe systemic or pulmonary hyper- 
tension in failure is often performing far more work than is the case in these 
patients. Ventricles usually fail while they are overloaded, either from increased 
pressure or flow, and the overload, particularly of pressure, often continues after 
failure. To preclude the term ‘‘failure’’ because the ventricular work is still 
increased would prevent its use in most clinical situations. The use of the term 
“insufficiency” instead of ‘‘failure’’ would solve this difficulty, which is essentially 
one of semantics and not one of physiology. 

In anemia the hyperkinetic state is not found until the hemoglobin concen- 
tration is below 6 Gm. per 100 ml. The high malar color of some patients with 
anemia has long been quoted as a possible trap for the unwary and patients with 
shortness of breath and enlarged hearts which are entirely due to anemia are 
still referred to cardiac clinics. In the hyperkinetic state of anemia, the pulmo- 
nary arterial pressures are inclined to be lower than normal despite the high 
flow. The diastolic and mean systemic arterial blood pressures are also lower 
than normal and thus both right and left ventricular work at rest is within normal 
limits. On exercise the systemic and pulmonary vascular pressures are still 
remarkably low considering the enormous blood flow, but the calculated ven- 
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tricular work is abnormally increased on both sides. The low vascular pressures 
in these patients, particularly in the pulmonary circulation, are largely due to 
the reduced blood viscosity. These low pressures account for the remarkable 
ability of the ventricles to withstand this high flow for long periods without 
failure. It has already been stated that flow load appears to be less embarrassing 
to the ventricles than pressure load. The fact that the ventricular work is normal 
at rest and raised on exercise accounts for the remarkable relief of heart failure 
in these patients when they are rested strictly in bed.?7 

The hyperkinetic state of thyrotoxicosis is a very common and well-known 
clinical syndrome and only a few hemodynamic features need be discussed. If 
failure or fibrillation is present, a careful search should be made for rheumatic 
heart disease, particularly mitral stenosis, or for ischemic heart disease, which 
may also be present. In contrast to anemic patients, in these the blood viscosity 
is normal and the pulmonary arterial pressures are slightly raised with the high 
flow. Right ventricular work is usually slightly increased. The systemic re- 
sistance is considerably reduced, the blood pressure low, and the left ventricular 
work normal. On exercise both the right and left ventricular work is increased, 
more so than in anemia.’ 

Patients with arteriovenous communication have normal right ventricular 
work at rest and only slightly raised right ventricular work on exercise. The 
left ventricular work is usually normal both at rest and on exercise. A number 
of these patients remain in the hyperkinetic state for many years without any 
evidence of failure. Although surgical correction is obviously desirable, if the 
site and nature of the arteriovenous communication renders operation hazardous, 
a careful hemodynamic assessment should be carried out to insure that the oper- 
ation is justifiable. 

If failure occurs in the hyperkinetic state, it is usually that of the right 
ventricle. The left ventricle certainly has greater reserves and the systemic 
blood pressure is always considerably lowered both at rest and on exercise. In 
contrast to the lesser circulation the systemic arterial blood pressures are under 
the alert control of the powerful barostatic reflexes. So far, only the ventricular 
work performed against pressure has been considered. In the hyperkinetic 
state, however, the kinetic work performed in imparting momentum to the blood 
will represent a considerably larger proportion of ventricular work. This will 
constitute a considerably greater overload in the case of the weaker right ven- 


tricle. 


THE CARDIAC OUTPUT AND REGIONAL CIRCULATORY CONSIDERATIONS 


It has already been emphasized that, if ventricular insufficiency progresses, 
the cardiac output finally falls. This fall is preceded by a rise in ventricular 
diastolic, atrial, and venous pressures. The impairment of the cardiac output 
occurs only during exercise at first, and later, in the resting state. Patients in 
the hyperkinetic state may show evidence of raised ventricular filling pressures 
while still maintaining a high flow. If the flow falls, the prognosis is usually 
poor. The ability of the left ventricle to maintain a normal flow until the last 
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stages of failure has already been mentioned. Patients with low cardiac outputs 
due to left ventricular insufficiency are exceedingly ill and usually bedridden. 
In contrast, patients with right ventricular overload (i.e., mitral stenosis) may 
have low body blood flow for many years and still be able to lead a restricted 
but relatively normal life. The problem of these low resting outputs in the ab- 
sence of raised right ventricular filling pressures has been discussed at some 
length. 

The long-standing debate concerning the relative importance of “‘forward”’ 
and ‘“‘backward” failure has become rather meaningless on the modern scene. 
Ventricular insufficiency may occur with a high or low flow or with low, normal, 
or increased forward pressures. In the first stage of failure there is an abnormal 
rise of pressure behind the ventricle, and in the second stage a fall of flow below 
the level set by the physiologic (exercise, etc.) or pathophysiologic (hypoxia, 
anemia, thyrotoxicosis, etc.) demands. Hamilton* first pointed out the paradox 
that although patients in congestive heart failure (as judged by raised venous 
pressure and edema) have, on the whole, lower resting cardiac outputs than 
normal subjects, a number have cardiac outputs well within the normal range 
and sometimes considerably higher than those in the average basal normal sub- 
ject. It must, however, be appreciated that the more severe the failure in pa- 
tients with left ventricular insufficiency or mitral valve disease the greater the 
degree of pulmonary congestion. This results in a great increase in respiratory 
work (increased volumes ventilated, reduced lung compliance). Local vaso- 
dilatation will occur in the respiratory muscles and there will be an abnormally 
high blood flow through these muscles. These patients, although in failure, are 
in a permanent state of mild exercise. Despite the “normal” cardiac output 
there is definite evidence of reduced blood flow through the skin (peripheral 
cyanosis) and other organs (liver, kidney). Thus these patients are essentially 
in a ‘low flow”’ state and are unable to meet the normal physiologic demands 
of all parts of the body. 

The various effects of the raised venous pressure and the low blood flow on 
the kidney, blood volumes, fluid, and electrolyte behavior are being dealt with 
elsewhere. This discussion will therefore be confined to the regional changes 
in blood flow when the cardiac output is impaired either at rest or on exercise. 

The patients with a low cardiac output at rest maintain the arterial blood 
pressure at a normal level by reflex vasoconstriction, no doubt initiated by the 
baroreceptors. This is essential to maintain adequate perfusion of the central 
nervous system and the heart. Unlike the situation in the patient with essential 
hypertension, the vasoconstriction is not generalized but regional. In this way 
not only is the aortic pressure maintained but there is a selective reduction of 
blood flow to the less vital organs of the body. The blood flow to the skin is 
reduced severely at a relatively early stage,?**° particularly that to the hands, 
face, and head. These exposed areas have a highly labile skin blood flow which 
rises to considerable levels whenever body heat is excessive. In only moderately 
disabled cardiac patients the hand skin blood flow may be one third of the normal 
figure under controlled environmental conditions. The peripheral cyanosis and 
cold skin of these patients is obvious clinical evidence of the skin vasoconstriction. 
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Splanchnic blood flow is also reduced but, in contrast to that of the skin, 
this occurs to a marked degree only at relatively low levels of cardiac output. 
In greatly disabled patients, however, the resting splanchnic blood flow may 
be of the order of half of that in a normal subject.*! Kidney blood flow is also 
reduced and the fall occurs at a relatively early stage of cardiac decompensation. 
In patients with very low resting cardiac outputs the resting renal blood flow 
may be less than half of the normal flow.” 

Resting muscle appears to maintain a normal blood flow.*® This is a super- 
ficially surprising finding but it would explain the normal arterial blood lactic 
acid concentration found even in patients with severe congestive heart failure.** *4 
It is not yet known why resting muscle should be thus privileged but it appears 
likely that sufficient vasodilating catabolites are produced by the muscle during 
static postural activity to insure a normal blood supply. 

The circulation in the brain remains remarkable normal. #637 The cerebral 
circulation is not greatly under the influence of vasomotor activity initiated by 
the baroreceptors, and the local carbon dioxide and oxygen tensions exercise a 
powerful direct effect on the cerebral vasomotor tone insuring efficient circulatory 
homeostasis. 

The coronary circulation is also maintained at near to normal levels even 
in severe heart failure.** Again, this circulation is largely exempt from reflex 
vasoconstriction, and adequate blood supply of the myocardium is further as- 
sured by the irresistible vasodilatation that occurs in all exercising muscle. 

A number of patients with low resting cardiac outputs are still capable of 
considerable exercise for many years. The events described here are those found 
in studies of patients with severe mitral stenosis who showed no evidence of 
right ventricular insufficiency while at rest. In many of these patients the filling 
pressure of the right ventricle increased on exercise and there was little or no 
increase in cardiac output. At the commencement of exercise there is acute 
vasodilatation and reduction in vascular resistance in the exercising muscles 
(usually the legs). Despite this the aortic pressure, which largely determines 
the cerebral and coronary blood flow, is maintained at normal levels by further 
vasoconstriction in many parts of the body. The blood flow to the skin is even 
further reduced?’ and peripheral cyanosis increases. The skin vasodilatation 
to increase heat loss, which normally occurs after exercise has proceeded for a 
few minutes, is either absent or greatly reduced. After exercise ceases, however, 
there is a moderate increase of skin blood flow and heat loss, which we will return 
to later. In contrast to that of normal subjects, the blood flow of the muscles 
not involved in the exercise is also reduced and remains at a low level to the end 
of exercise.*? 

Splanchnic blood flow drops to very low levels indeed and values as low as 
10 per cent of the normal resting flow have been found in very disabled patients.*! 
A partial reduction of splanchnic blood flow (below resting values) continues 
for sometime after a few minutes of moderate exertion. As the cardiac output 
returns rapidly to the resting level®**° this continued reduction in splanchnic 
blood flow may be to allow the moderate increase in skin blood flow and heat 
loss after exercise. The blood flow through the exercised muscles will also be 
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somewhat increased immediately after exercise. Normal subjects do not show 
a significant decrease of splanchnic blood flow until fairly high levels of exertion 
are reached.' They do, however, show a reciprocity of skin and splanchnic 
blood flow after any degree of exercise. The reduction in splanchnic blood flow 
results in remarkably low hepatic venous oxygen tensions in these patients (less 
than 10 mm. Hg). This recurrent hepatic hypoxia with mild exertion may well 
cause some of the liver damage which is usually attributed solely to raised venous 
pressures during the later phase of severe heart failure at rest. 


In patients with low and unchanging cardiac outputs, the renal circulation 
is also greatly reduced on exercise. In normal subjects kidney blood flow is 
reduced on exercise but to a far lesser extent. In some of the patients studied, 
the blood flow was estimated to be one-fifth of the normal resting value during 
mild exercise.*? The low kidney blood flow when these patients exert themselves 
may have considerable effect on water and sodium retention. The avoidance 
of these episodes by strict rest in bed must have a very favorable effect on kidney 


function. 


Coronary blood flow estimations have not been made during exercise in 
these patients but, as angina is unknown in those without definite coronary arterial 
disease during maximal exercise, it would appear that the heart muscle receives 
as much blood as it requires. Although many of these patients have low and 
fixed cardiac outputs on exercise, the right ventricle may be performing far more 
work than in a healthy subject as the pulmonary arterial pressure may reach 
very high levels. (The reader is reminded that in contrast to the situation with 
mitral stenosis, angina can occur on exercise in severe aortic stenosis or regurgi- 
tation. The enormous hypertrophy and work of the left ventricle and acute 
fall in ventricular output and aortic pressure appear to defeat the normal pro- 
tective mechanisms. Anginal pain on exertion is very occasionally found with 
acute right ventricular insufficiency in patients with pulmonary stenosis and 
greatly thickened right ventricles. Syncopal attacks may also occur.) 

The cerebral blood flow is equally well maintained in these patients during 
exercise®® despite the low fixed cardiac output and widely dilated vascular bed 
in the exercising muscles. 


Finally the quantity of blood flowing through the exercising limbs (legs) 
of these disabled patients is of great interest. Ina recent study of normal subjects 
and patients with fixed low cardiac outputs during moderate leg exercise,” the 
circulatory economy in the disabled patients was so efficient that the blood flow 
to the leg muscles was estimated to be nearly 80 per cent of that in the normal 
subjects. This was made possible by marked vasoconstriction in the skin, resting 
muscle, the splanchnic area, and the kidney. A further remarkable finding was 
the complete absence of oxygen in the blood collected from the femoral vein of 
some of these patients during leg exercise. These patients suffered no discomfort 
in the exercising muscles. These findings demonstrate not only the striking 
ability of exercising muscles to extract virtually all oxygen from the blood flowing 
through them but also an almost complete shutdown of the not inconsiderable 
blood flow to the skin of the legs. 
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AND Cart F. Scumipt. M.D. of Pennsylvania School of Medicine. 
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HE therapy of pulmonary edema properly should be based on the general 

proposition that this form of edema results from abnormalities of the same 
three types which cause edema anywhere else, namely: increased capillary 
hydrostatic pressure, reduced blood oncotic pressure, and increased capillary 
permeability. The large amount of supportive evidence for this proposition 
has been reviewed by Drinker,?? Luisada,** Altschule,? and more recently by 
Visscher, Haddy, and Stephens.”® 

There are three special features that distinguish pulmonary from peripheral 
edema: (a) edema of the lungs is likely to interfere with the pulmonary uptake 
of oxygen and therefore to produce dangerous systemic anoxemia; (b) pulmonary 
vascular pressures are much more sensitive than systemic to increases in circu- 
lating blood volume and pulmonary blood flow and reduction in these is of much 
greater importance in the therapy of pulmonary than of systemic edema because 
the pulmonary circulation does not possess an elaborate system for controlling 
vascular resistance; and (c) peripheral edema, particularly when associated with 
heart failure, usually runs so long a course that digitalis can be successfully em- 
ployed, but pulmonary edema may be so fulminating as to force the intensive 
use of all available measures such as oxygen inhalation, antifoaming agents, 
autonomic blocking drugs, morphine, and aminophylline. Under such circum- 
stances it is rarely if ever possible either to identify the drug largely responsible 
for the recovery, or to exclude the possibility that recovery might have occurred 
if any one or all drugs had been omitted. 

This article will review each of these three features of pulmonary edema. 
Special attention will be devoted to the discussion of the efficacy as well as the 
limitation of drugs commonly used in the therapy of this condition. 


RELIEF OF ANOXIA 


Interference with oxygen uptake by the edematous lungs is the most obvious 
indication for immediate therapy. Anoxia should be corrected not only to sup- 
port the oxygen requirements of the body but also to prevent the contribution 
of anoxia to further edema formation. Warren, Peterson, and Drinker’* sub- 
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jected dogs to the inhalation of 10 per cent oxygen and noted a rise in pulmonary 
lymphatic flow which they interpreted as an early sign of edema. A combination 
of anoxia with saline infusion has been proposed as a standard method for pro- 
ducing edema in dogs*® and in rabbits!’ but the exact means by which anoxia 
leads to edema are not yet certain. The possibilities are listed in Fig. 1, which 
is based on the known effects of anoxia on the pulmonary circulation.* + 


CHEMORECEPTORS 
PINEPHRINE 
ONCHO STIM. PULM. VASO = 


HYP’ ERTENSION | 


CAP. HYDROSTATIC +*CAP 
PRESSURE 


[P PUL LMONARY EDEMA MORE SEVERE ANOXIA 


Fig. 1.—Role of systemic anoxemia in the pathogenesis of pulmonary edema. 

Decreased arterial oxygen saturation and tension act on the chemoreceptors of the carotid and 
aortic bodies to produce reflex stimulation of the vasoconstrictor, cardioaccelerator, and respiratory 
centers. The former lead to systemic hypertension (from vasoconstriction and increased cardiac output 
supplemented by liberation of pressor amines from the adrenal glands); the pulmonary vessels also 
are constricted. The latter causes increased fluctuations in intrathoracic pressure, and thus in the 
pressures in the pulmonary vessels. Pulmonary arterial and capillary pressures (designated ‘‘arterial’’ 
and ‘“‘capillary’’ in the diagram) rise because of simultaneous increases in pulmonary blood flow and 
vascular resistance, the latter (from sympathetic nerve impulses) overshadowing the direct dilator 
effect of anoxia on pulmonary blood vessels. Congestion of pulmonary capillaries and anoxia both tend 
to increase their permeability and thus to augment the tendency of the increased hydrostatic pressure 
to promote escape of fluid into the alveoli. Marked systemic hy pertension may lead to activation of 
the pressoreceptors of the carotid sinuses and aortic arch and thus, through increased vagal activity, 
to bradycardia and bronchospasm. These will further increase pressure in the pulmonary vessels. The 
appearance of fluid in the alveoli will aggravate the anoxemia. The phenomena here displayed are 
typical of the general tendency of anoxia to set up vicious circles. 


The formation of lung edema by anoxia is believed to be due to increase in 
both hydrostatic pressure and permeability in the lung capillaries. Both factors 
have eluded direct measurements in the normal as well as in the edematous lung 
and their participation in edema by anoxia is entirely a matter of inference. 
A rise in capillary hydrostatic pressure can be postulated from the fact that 
pulmonary arterial pressure rises during anoxia. This hypertension is due both 
to increased pulmonary blood flow and changes in the caliber of pulmonary 
vessels. The exact nature of the latter is still uncertain. If, as some believe,! 
anoxia causes pulmonary vasoconstriction (by excitation of chemoreceptors in 
the carotid and aortic bodies leading to activation of sympathetic innervations 
all over the body, including the lungs, by liberation of epinephrine from the 
adrenal glands, or by a local action on the pulmonary vessels), there should be 
a rise in hydrostatic pressure in the capillaries, particularly if the constriction 
involves the pulmonary veins primarily or outstandingly. If, as others hold,’ 
anoxia dilates pulmonary vessels (locally or by reflex excitation of a vasodilator 
vagal innervation), there might still be a rise in hydrostatic pressure in the pulmo- 
nary capillaries if the dilatation is on the arterial side and is superimposed on 
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capillary congestion initiated by the anoxic failure of the left ventricle. The 
permeability of these congested capillaries may increase by either or both of the 
following: (a) a direct action of anoxia on the capillary wall, and (b) indirect 
outcome of stretching of the capillaries. 

The correction of anoxia associated with pulmonary edema is simple and 
straightforward. It consists of the inhalation of oxygen and of antifoaming 
agents in aerosol form and the application of positive pressure breathing. The 
first-named procedures will be discussed, but the use of positive pressure breath- 
ing has been omitted because we have nothing to add to the excellent discussion 
of the subject by Barach, Martin, and Eckman.* 

A. Oxygen Inhalation.—The basis for the administration of oxygen is to 
increase alveolar oxygen tension, thus compensating for reduced efficiency of 
the pulmonary gas exchange resulting from the presence of fluid in a system 
adapted only to diffusion in an all-gas phase. There appears to have been no 
direct demonstration that oxygen inhalation actually improves oxygen uptake 
by the edematous lungs of man, or that it can reverse the pathogenesis of clinical 
pulmonary edema. Clinical episodes of edema are apt to occur so unexpectedly 
and acutely that it has not appeared justifiable to measure arterial oxygenation 
before and during oxygen therapy. Definitive studies of oxygen therapy in 
animals with experimentally induced edema also have not yet been made. Since 
it is conceivable that the appearance of edema may alter the sensitivity of the 
vessels to nervous, humoral, and local influences, appropriate experiments are 
desirable. 

Limitation: There is no reason to suspect that oxygen strikes at the primary 
cause of edema. As a matter of fact, continuous inhalation of 60 to 100 per cent 
of oxygen for several hours has been shown to cause fatal pulmonary congestion 
and edema in all species of laboratory animals in which it has been tried. Direct 
irritation of lung capillaries was generally held responsible until the recent intro- 
duction of two other possible factors. Penrod®® believes that the development 
of simple atelectasis during oxygen inhalation is primarily responsible for the 
resulting edema. Bean and his collaborators!’-” have emphasized the partici- 
pation of adrenomedullary, adrenocortical, hypophyseal, and thyroidal factors 
in the formation of edema by hyperoxia, but there is as yet no adequate expla- 
nation for this effect of the hormones.” The fact that inhalation of high (60 to 
100 per cent) concentrations of oxygen can itself induce pulmonary irritation'® 
is no contraindication to the use of oxygen to combat anoxemia in clinical pulmo- 
nary edema for two reasons: (a) in normal human subjects the inhalation must 
be continued uninterruptedly for more than 12 hours to produce these undesired 
effects, and (b) even 100 per cent oxygen would not raise the oxygen tension in 
the finer air passages and alveoli to a dangerous level when it is given in the 
presence of edema fluid. Danger of pulmonary edema from hyperoxia is remote 
in human subjects. 

B. Inhalation of Antifoaming Agents.—In recent years, the inhalation of 
oxygen has been supplemented by bubbling it through any one of the following 
agents: ethyl )-ethyl-hexanol,®® and_ 
The use of 95 per cent alcohol was introduced by Luisada*’ in 1950 on the empiri- 
cal basis that its antifoaming action may serve to prevent obstruction of the 


TOL. 
9 
959 


498 AVIADO AND SCHMIDT 


bronchioles by the foam arising from edema fluid. Subsequent trial in rabbits 
with pulmonary edema (induced by intravenous injection of epinephrine) re- 
sulted in prolongation of survival and clinical trials have so far been favorable. 

Limitations: The improvement following the clinical use of antifoaming 
agents would be more convincing if the following items were explored. Since 
the primary and sole reason for their use is to break up foam already present and 
to prevent the accumulation of more foam in the respiratory passages, the be- 
havior of the oxygen content of arterial blood in patients or animals would 
measure the effectiveness of these agents. It is possible that sufficient amounts 
of the antifoaming agent are absorbed to produce a systemic antiedema action, 
presumably a decrease in permeability of pulmonary membranes. This possi- 
bility is suggested by the observation of Bariéty and Barbe’ that the intravenous 
injection of an emulsion of dimethylpolysiloxane is as effective as the inhalation 
of its aerosol in the protection of rabbits from epinephrine-induced edema. It 
should be pointed out that the inhalation of silicone aerosol (DC Antifoam A) 
has failed to show protection in some animal experiments®’*! and intratracheal 
injection of ethyl alcohol may lead to the production of pneumonia and even 
acute edema in rabbits.°* The value of local administration thus being uncertain, 
systemic use is scarcely justified by the existing evidence. Further studies are 


indicated. 


Il. REDUCTION IN CIRCULATING BLOOD VOLUME 


The next group of therapeutic procedures relates to a reduction in circulating 
blood volume and therefore in the presumably high pulmonary capillary hydro- 
static pressure. There is no direct proof that the latter result actually is attained 
because capillary hydrostatic pressure has not been measured. The pertinent 
evidence is as follows: The transfusion of excessive amounts of blood may lead 
to pulmonary edema in animals.*! That such edema can arise from a local in- 


crease in hydrostatic pressure in the lung capillaries is indicated by the fact that 
a similar edema can be induced in perfused lungs by intentionally increasing the 
pulmonary arterial or venous pressure, or both, above the normal levels. Hughes, 
May, and Widdicombe® have observed in the perfused lungs of rabbits that the 
mean of the pulmonary arterial and venous pressures required to induce edema 
was 20 to 30 mm. Hg. There is, however, no assurance that in the intact animal 
or man the edema complicating blood transfusion is entirely due to a concomitant 
rise in vascular pressures. A primary increase in capillary permeability has 
been postulated as a result of activation of the sympathetic innervation of the 
lungs™! and such an effect may be involved in transfusion edema. Luisada and 
Sarnoff’ have described paroxysmal pulmonary edema from stimulation of 
cardiovascular nerve receptors, thus arousing nerve impulses which might act 
in the same way. Although the complete cause of transfusion edema is obscure 
the fact remains that an increase in circulating blood volume clearly can initiate 
edema. Appropriate therapeutic procedures are as follows. 

A. Bleeding and Tourniquets.—The most widely used procedure to reduce 
circulating blood volume is the application of venous-occlusion tourniquets to 
all four extremities. Another procedure is the removal of 200 to 300 ml. of blood, 
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which is particularly useful in patients in whom edema recurs after the tourniquets 
are removed. The hemodynamic effects of reduction in circulating blood volume 
in patients suffering from pulmonary edema are not known, largely because the 
appropriate measurements are not easily made in the face of acute pulmonary 
edema. Some idea of what goes on may however be obtained from the studies 
of Judson and his collaborators,‘® who have demonstrated a reduction in pulmo- 
nary arterial pressure following phlebotomy in a group of 10 patients with pulmo- 
nary congestion due to left heart failure. Cardiac output (measured by the Fick 
principle) was either increased or unchanged, indicating that the observed fall 
in pulmonary arterial pressure was not due to changes in flow. Since pressure 
in the left atrium was not measured directly (by puncture) or indirectly (by 
wedging the pulmonary artery), it is not possible to identify the cause of the 
reduction in pulmonary arterial pressure. An improvement in function of the 
left ventricle, with retrograde reduction in left atrial and pulmonary arterial 
pressures, is one possible explanation. Another possibility is that there is true 
dilatation of the pulmonary vessels by a reversal of the reflex arterial constriction 
initiated by a high left atrial pressure, a reflex postulated by Dexter and his 
associates.”*> Both possibilities will have to be established by direct measure- 


ments of left atrial pressure. 


Limitations: Preparations should be made to return some of the withdrawn 
blood to the patient if he has been relieved of edema but has developed systemic 
hypotension. Bloodless phlebotomy by tourniquets is free from this hazard 


but it is apt to be uncomfortable and it also carries the danger of inducing local 
vascular damage if a tourniquet should be left in place too long under extremely 
high pressure. Seligman’ has described a central device for controlling the 
pressure in the cuffs around the extremities to the diastolic arterial pressure so 
that rotation of released extremity is possible every 15 minutes without disturbing 
the patient. This device has simplified the procedure of bloodless phlebotomy. 
Prolonged reduction in circulating blood volume has been reported to initiate 
pulmonary edema in animals.*® This might result from hemodilution, increased 
capillary hydrostatic pressure by liberation of epinephrine, or both. Such findings 
provide added reason for caution with this procedure. 


B. Ganglion-Blocking Drugs.—Four drugs of this type have been used to 
treat acute pulmonary edema: tetraethylammonium bromide,?*” hexametho- 
nium bromide,?*-*’ trimethaphan camphor sulfonate (Arfonad),'*:7° and azametho- 
nium dibromide (Pendiomide).” Sarnoff and his collaborators,’7° who introduced 
the clinical use of ganglion-blocking agents in pulmonary edema, attribute a 
successful outcome to the reduction in pulmonary blood volume brought about 
by (a) shifting of blood from the lungs to the dilated peripheral vessels, and (b) 
improved emptying of the left ventricle. Direct proof of this widely accepted 
theory will of course depend on the exclusion of possible actions of this group of 
drugs on the pulmonary vessels or their innervations. The presently available 
evidence is based on the ability of ganglion-blocking agents to prevent and re- 
verse experimental edema in animals, and to reduce the pulmonary arterial 


pressure in man. Each of these two actions will now be discussed. 
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Experimental edema in animals: The administration of ganglion-blocking 
agents has been shown to reverse the edema induced in experimental animals 
by the following agents: epinephrine intravenously in rabbits,”:*” lobeline intra- 
venously in rats,** oxygen inhalation in rats and guinea pigs,**4 and intracisternal 
injection of fibrin in dogs.”! It is surprising that these various types of edema, 
having no common etiology, are amenable to therapy by a single group of drugs. 
One approach that has not been explored would be to compare the effects of 
ganglion-blocking agents with bleeding in each of the various forms of edema. 
If the outcomes are comparable, it would be reasonable to assume that the relief 
of edema in all is by a reduction in circulating blood volume; otherwise such 
alternative possibilities as blockade of autonomic impulses to the lung vessels 
and direct effect on capillary permeability will have to be considered. 

Pulmonary hypotension in man: There is a striking similarity between 
the effects in man of hemorrhage and of administration of ganglion-blocking 
agents. It was mentioned above that the application of venous tourniquets 
in patients with congestive heart failure causes a fall in pulmonary arterial 
pressure while cardiac output is increased or unchanged and the effects on pulmo- 
nary vascular resistance are inconsistent. Eichna, Sobol, and Kessler?’ described 
essentially the same hemodynamic pattern following the administration of 
trimethaphan camphor sulfonate and have also added the observation that 
there is a reduction in pulmonary arterial resistance. Freis and his collaborators*’ 
have encountered an increase in cardiac output of patients in congestive failure 


following the administration of hexamethonium bromide and they have attributed 
this effect to peripheral pooling of blood, acting like a venesection, in reducing 
the filling pressure of the congested right side of the heart and thereby improving 
its functional capacity. In addition to this, the blockade of systemic vasocon- 
strictor tone decreases the systemic peripheral resistance and allows improved 
emptying of the failing left ventricle. The corresponding effects in patients 
suffering from pulmonary edema are still unknown. 


The reduction in calculated pulmonary arterial resistance observed by 
Fichna’s group*’ has not been adequately explained. Evidence of other investi- 
gators suggests that the reduction in resistance is partly due to chemical blockade 
of vasoconstrictor impulses to the pulmonary vessels (see article by Halmagyi**). 


Limitations: Two undesirable features are involved in the use of ganglion- 
blocking drugs. First, their pharmacologic action is not limited to the lungs 
but involves other visceral organs. Systemic arterial hypotension may be a 
serious consequence if the edematous patient is in shock prior to therapy, and 
it is for this reason that the short duration of action of trimethaphan camphor 
sulfonate makes it a more desirable drug than the others which have more pro- 
longed action. 

The second limitation is that excessive amounts of the ganglion-blocking 
drugs may lead to pulmonary edema. McLemore, Green, and Lide® described 
this for tetraethylammonium chloride but corresponding information about 
other blocking drugs is not yet available. The exact mechanism of this type of 
pulmonary edema is unknown. 
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Ill. OTHER DRUGS USEFUL IN THERAPY OF PULMONARY EDEMA 


Since the ganglion-blocking agents have been most extensively studied, they 
may serve as a prototype for a further discussion of the use of drugs in the treat- 
ment of pulmonary edema. It has been stated that the ganglion-blocking agents 
were originally introduced because of the supposition that they reduce circulating 
blood volume and consequently decrease hydrostatic pressure in the capillaries. 
Although this is their most probable effect, it may not be the only one. The 
ganglion-blocking agents are known to bring about the following actions: (a) 
bronchodilatation, by paralysis of vagal innervation; (b) pulmonary vasodila- 
tation, by paralysis of sympathetic innervation; (c) increased cardiac output, 
from varied causes; (d) pulmonary arterial hypotension; and (e) systemic hypo- 
tension. The desirability of all these actions in the therapy of pulmonary edema 
is indicated in Fig. 2. The other drugs that have been used in the treatment of 
pulmonary edema will be characterized in terms of the same five actions. 


SANGLION BLOCKING DRUGS 
REVERSAL OF EDEMA” \goRMATION OF EDEMA 


BRONCHO — 
DILATATION 


PULMONARY 
++ PULM ART P ART TO CAP GRADIENT 
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T 
ATRIAL ouTpuT 


PULM. ART. 
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IMPROVED COR. BL. FLOW 
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LT. VENTR. 


+ CAPILLARY HYDROSTATIC PRESSURE 


t CAPILLARY HYDROSTATIC PRESSURE 


Fig. 2.— Pharmacodynamic patterns of the actions of ganglion-blocking drugs in pulmonary edema. 

Improvement of pulmonary edema (left side) can result from the five listed mechanisms, all of 
which lead to decreased hydrostatic pressure in the pulmonary capillaries. Aggravation of the edema 
may be produced by the two mechanisms listed on the right side. The end result will depend on the 
prevailing balance between these two opposing sets of influences. 


A. Atropine.—The pattern of action of atropine is as follows: (a) The 
paralysis of the vagal innervation to the tracheobronchial passages results in 
bronchodilatation and reduced bronchial secretion. (b) The pulmonary vessels 
are not dilated by atropine but might even constrict if the local dilator action 
of acetylcholine in human vessels (described by Fritts and associates*') and 
the dilatation by electrical stimulation of the vagus (described by Daly and 
Hebb!) were extended to mean that parasympathetic pulmonary vasodilator 
fibers can be paralyzed by atropine. (c) Atropine causes cardiac acceleration 
and increased cardiac output in normal subjects®7° but information derived 
directly from patients with pulmonary edema is not available. The increase 
in cardiac output by atropine is not dependent on a reduction in circulating 
blood volume (unlike that by ganglion-blocking agents) because Weissler, Leon- 
ard, and Warren’? observed no increase in output when atropine was administered 
to subjects with blood pooled in the extremities. (d) Pulmonary arterial pressure 
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is either increased”’ or decreased,'! depending on the balance among factors a, 
b, and c. (e) Systemic arterial pressure changes elicited by atropine are insig- 
nificant and probably unimportant in the consideration of pulmonary edema. 
In pulmonary edema associated with poisoning by cholinergic and anticholin- 
esterase agents, atropine would be the most effective therapy. 

Limitations: The major difference between atropine blockade and ganglion 
blockade is the lack of pulmonary vasodilatation and hypotension by atropine. 
This probably explains the shortcoming of atropine in treating certain types of 
experimental pulmonary edema,® although it appears to be highly specific in 
preventing experimental edema accompanied by cardiac slowing.” Ocular 
disturbances, dryness of the mouth and skin, and sluggish intestinal movements 
would be expected to accompany the use of atropine but they also occur with 
the use of ganglion-blocking agents. 

B. Tolazoline.—This adrenergic blocking drug (Priscoline) was introduced by 
Wheatley* in the therapy of pulmonary edema secondary to acute left ventricular 
failure. The pattern of action of this drug in pulmonary edema would be about as 
follows: (a) The effect on bronchial musculature is not known but since adrenergic 
blocking action does not usually involve paralysis of sympathetic bronchodilator 
action, bronchoconstriction from a removal of adrenergic bronchodilatation 
would not be expected to occur. (b) Rose*’ failed to observe a local vasodilatation 
in the perfused dog’s lungs following the administration of tolazoline, but meas- 
urements of pulmonary vascular resistance in patients with pulmonary hyper- 
tension revealed a reduction which suggested a local dilator action."** (c) The 
cardiac output is usually increased by tolazoline, a response which is in line with 
its local stimulant action on the perfused mammalian heart." (d) Dresdale, 
Michtom, and Schultz* were the first to report the ability of intravenous injection 
of tolazoline to reduce pulmonary arterial pressure of patients with primary 
pulmonary hypertension. This reduction has been confirmed by other groups 
of investigators in similar patients‘? as well as in patients with mitral stenosis" 
and congenital vascular anomalies.*® (e) The accompanying effects on systemic 
blood pressure have been variable, presumably because of simultaneous increase 
in cardiac output and dilatation of systemic vessels. 

Tolazoline therefore lacks one action characteristic of ganglion-blocking 
drugs, i.e., bronchodilatation. It is not possible to state if this is an important 
shortcoming because comparative studies in animals are not available. It is 
unfortunate that animal studies using tolazoline have been few,'® whereas other 
adrenergic blocking agents (phentolamine, dibenamine, phenoxybenzamine, 
dihydrogenated ergot alkaloids) have been extensively used against experi- 
mental pulmonary edema with some success. Since there are important hemo- 
dynamic differences among members of the adrenergic blocking group, it is not 
advisable to transfer conclusions regarding other drugs to tolazoline. 

Limitations: The use to tolazoline in the therapy of pulmonary edema has 
been so limited that it is not possible to assess its undesirable features. There 
is considerable experience in its use in the treatment of peripheral vascular dis- 
ease, and the occurrence of anginal episodes has been reported by Davidson.?" 
The latter may be related to hypotension or to a direct myocardial stimulant 
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action by tolazoline. The difficulties involved in the use of this drug therefore 
are similar to those of digitalis glycosides, described later. 

C. Morphine.—There is no available information on the pulmonary hemo- 
dynamic effect of morphine alone in human subjects. It is therefore not possible 
to discuss its beneficial effect in the treatment of pulmonary edema in terms of 
bronchomotor tone, cardiac output, and pulmonary vascular pressure. Luisada‘? 
attributes the beneficial effect to depression of central nervous pathways that 
participate in the formation of pulmonary edema. It is difficult to obtain direct 
proof of this action in clinical forms of edema. 

Limitations: The dangers in the use of morphine in pulmonary edema, like 
those in bronchial asthma, are related to the respiratory centers and possible 
bronchospasm. The dosage should be kept at a level that will relieve dyspnea 
and restlessness without causing dangerous respiratory depression. 

D. Digitalis Glycosides—The effects of digitalis on the failing heart have 
been covered elsewhere in this symposium by McMichael.** Compared with 
ganglion blockade: (a) Digitalis has no important local action on bronchial 
musculature but the increase in vagal tone of the cardiac pacemaker (brady- 
cardia) may also extend to the bronchioles (bronchoconstriction). (b) Although 
excised lung vessels can become constricted in response to digitalis,°® calculation 
of pulmonary vascular resistance following digitalization in patients with heart 
failure indicates a reduction. This may mean that the vessels of the human 
lung behave differently from the excised vessels, that the increase in vagal tone 
during digitalization is sufficient to dilate the pulmonary vessels, or that there 
is an inactivation of the vasoconstrictor reflex from the left atrium to the pulmo- 
nary vessels as a result of the improvement in left ventricular function.’ (c) 
Cardiac output is increased consistently after digitalization of the failing heart. 
In spite of the increase in pulmonary blood flow, there usually is a fall in pulmo- 
nary arterial pressure largely because of the reduction in left atrial and pulmonary 
venous pressures, and also because of the probable vasodilatation described under 
(b). If the right ventricle is failing due to cor pulmonale, digitalis may cause 
pulmonary artery pressure to rise. (e) The systemic arterial pressure is essentially 
unchanged in spite of the increase in cardiac output. The reduction in systemic 
vascular resistance is analogous to that described above for the pulmonary. 

Limitations: The justification for using digitalis in acute pulmonary edema 
is to bring about an increase in cardiac output and therefore to reduce pulmonary 
capillary pressure. Its use in pulmonary edema complicating myocardial in- 
farction rests on rapid improvement of myocardial contractility. Gorlin and 
Robin® report the successful control of pulmonary edema and systemic shock 
with ouabain intravenously (in subdigitalizing doses) in 3 cases of myocardial 
infarction. Because these agents may further augment the already existing 
tendency to increased myocardial excitability, such administration is dangerous, 
but the condition is a desperate one. 

kk. Aminophylline—Unlike the drugs already mentioned whose actions are 
mostly dependent on the autonomic nervous system, aminophylline acts directly 
on smooth and cardiac muscle. Its actions include: (a) bronchodilatation, 
which is one of the most widely known and important actions of aminophylline; 
(b) direct pulmonary vasodilatation, which is not as widely known although it 
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has been repeatedly proved by lung perfusion experiments and suggested by 
calculation of pulmonary vascular resistance in man; (c) increased cardiac out- 
put, a manifestation of the ability of aminophylline to stimulate the myocardium 
directly; (d) a usual fall in pulmonary arterial pressure although a rise may 
occur if the increase in cardiac output is proportionately greater than the local 
vasodilatation; (e) systemic hypotension which may occur if aminophylline is 
injected so rapidly that the systemic vasodilator action becomes apparent. 
Aviado*® and Quimby and associates® have reviewed all these actions of amino- 


phylline. 

Limitations: Aminophylline is widely used in the therapy of bronchial 
asthma and paroxysmal cardiac asthma and the usual justification for its use 
has been entirely derived from its bronchodilator action. It has not been possible 
to assess the role of two other actions of aminophylline, i.e., cardiac stimulation 
and pulmonary vasodilatation. The desirability and hazards of cardiac stimu- 
lation are similar to those encountered with digitalis and the desirability of pul- 
monary vasodilatation will be discussed under the next group of drugs. Intra- 
venous injections of aminophylline should be made slowly to avoid cardiac 
arrhythmias and fall in systemic blood pressure. 

F. Isoproterenol and Other Sympathomimetic Pulmonary Vasodilators.—The 
pattern of isoproterenol (Isuprel) is essentially the same as that of aminophylline: 
bronchodilatation, pulmonary vasodilatation, increased cardiac output, pulmo- 
nary hypotension, and systemic hypotension. Methamphetamine (Methedrine) 
and mephentermine (Wyamine) are similar to isoproterenol but lack broncho- 
dilator and systemic hypotensive actions. A sympathomimetic compound that 
causes pulmonary hypotension chiefly by pulmonary vasodilation, but systemic 
hypertension from systemic vasoconstriction, has been discovered recently, 1.e., 
compound 45-50, 8-hydroxyl-8-(2, 5-diethoxyphenyl) isopropylamine.’ Pre- 
liminary testing in human subjects has revealed that this compound causes a 
fall in pulmonary arterial blood pressure and a rise in systemic blood pressure 
but a fall in heart rate, probably as a reflex response of the pressoreceptors in 
the carotid sinuses and aortic arch to the rise in systemic pressure. None of 
this group of sympathomimetic drugs has been tested in clinical forms of pulmo- 
nary edema. 

Desirability of combined pulmonary vasodilatation and systemic vasoconstric- 
tion: The opposite pattern of action of asympathomimetic compound (No. 45-50) 
on the tonus of the blood vessels of the greater and lesser circulations suggests its 
use in the therapy of one special type of pulmonary edema, viz., that associated 
with burns of the respiratory tract. The events leading to this edema have been 
identified in the dog as an initial reflex-induced contraction of the pulmonary 
veins following the inhalation of heat, congestion of the pulmonary capillaries, 
rise in pulmonary arterial pressure (probably extending to the capillaries), and 
leakage of plasma into the interstitial lung tissues.’ The latter can be continu- 
ously measured by tagging plasma protein with iodine™! and application of a 
Geiger counter on the surface of the lung.* The administration of a pulmonary 
vasodilator drug such as aminophylline, isoproterenol, or compound 45-50 causes 
a temporary reversal of all these events, but the systemic circulation responds 
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differently to each of the three drugs. For example, the development of pulmonary 
hypertension and edema is accompanied by systemic shock and while this be- 
comes more severe with aminophylline and isoproterenol, it is relieved by com- 
pound 45-50. 


CONCLUDING REMARKS 

The ideal therapy of pulmonary edema would be one which corrects the 
cause without introducing disadvantageous side effects. Unfortunately, the 
onset of edema in the lungs inevitably leads to systemic anoxemia, which here 
(as usual) sets up a series of vicious circles tending to aggravate the initial dis- 
turbance. Relief of anoxemia by inhalation of oxygen therefore is, and probably 
will remain, the most important and most urgent feature in the treatment of 
pulmonary edema. At present the place of antifoaming agents as an adjunct 
to oxygen therapy for pulmonary edema is about the same as that of analeptic 
drugs in severe respiratory depression by narcotic drugs. There have been re- 
ports of brilliant successes and complete failures with the latter and at the present 
time opinion as to their proper place is sharply divided. It seems fair to state 
that the original hope of substituting these drugs for skilled nursing care has 
not been fulfilled and the problem now is to decide when and where to use them, 
if at all. The situation with respect to antifoaming agents in pulmonary edema 
is similar to this. In both cases there is no doubt about the urgent necessity 
for oxygen, administration of which may be regarded as a broad-spectrum thera- 
peutic procedure in pulmonary edema, however caused. Unfortunately it corrects 
only the results of the edema and does not strike at its causes except those related 
to anoxemia itself. 

The closest approach to specific therapy for pulmonary edema is found in 
cases of poisoning by muscarinic drugs such as pilocarpine and methacholine, and 
anticholinesterase agents such as physostigmine, neostigmine, and parathion. 
Such cases were extremely rare until the widespread use of parathion, TEPP, 
and other anticholinesterase insecticides led to a steadily mounting incidence 
of accidental poisoning in agricultural workers. Here the fluid in the air passages 
and lungs may be due more to increased secretion by cholinergically innervated 
glands than to extrusion from pulmonary capillaries in consequence of increased 
hydrostatic pressure, although the latter cannot be excluded. In such cases 
atropine (plus oxygen and removal of obstructing fluid and secretions) offers 
excellent prospect of success. This drug blocks cholinergic nerve impulses and 
therefore is able to bring the edema process to an abrupt end, although it cannot 
of itself lead to removal of existing fluid. 

It should be clearly understood that pulmonary edema due to irritation of 
the respiratory tract, as by chlorine, bromine, or phosgene, is in an entirely dif- 
ferent category. Here the fluid may be viewed as an inflammatory transudate 
and atropine is ineffective. In thermal injury of the respiratory tract there is 
an element of spasm of the pulmonary veins, which superimposes a rise in pulmo- 
nary capillary pressure on the existing inflammatory reaction, but the possibility 
of a similar effect from chemical irritants apparently has not yet been investi- 
gated. Drugs which relax the spasm of pulmonary veins have been found capable 
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of prolonging the survival of animals after inhalation of steam, and one of these 
drugs can do this while simultaneously raising systemic blood pressure from the 
hypotensive level characteristic of this syndrome.’ Unfortunately the type of 
thermal injury thus far emploved is invariably fatal regardless of treatment. 
It is possible (though still unproved) that drugs of this type might lead to survival 
following less extensive thermal injury. Their applicability in chemical injury 
remains to be established. The drug of greatest current interest (45-50, page 504) 
is unusual in its ability to decrease the tonus of the pulmonary blood vessels 
while increasing that of the systemic. This combination of actions would be 
desirable if systemic blood pressure is low, undesirable or perhaps disastrous 
if it is high. Obviously such a drug cannot be used routinely in the treatment 
of pulmonary edema. 

The forms of pulmonary edema thus far considered in this discussion are 
relatively rare and may be attributed more to increased permeability of the 
membranes of the respiratory tract than to anything else. Such a situation, 
unless due to activation of cholinergic secretory mechanisms, does not lend itself 
to rapid improvement. Apart from the use of oxygen to minimize anoxemia, 
the only physiologic basis for therapy is to oppose this abnormality by appropriate 
changes in the other two main factors involved in pulmonary edema (page 498). 
This implies reduction in pulmonary capillary pressure and increase in the oncotic 
pressure of the plasma proteins. The latter appears not to have been considered 
seriously, probably because of the danger of overloading the circulation and 
thereby of raising pressure in the pulmonary capillaries. Theoretically this 
hazard might be minimized or even obviated by appropriate adjustment of 
volume of hypertonic fluid injected to volume of blood withdrawn, but careful 
experimental studies will be required before such a procedure can be advocated 
for clinical use. 

In the types of pulmonary edema most commonly encountered therapy is 
aimed primarily at decreasing the hydrostatic pressure in the pulmonary capil- 
laries. Three main pharmacodynamic patterns can be recognized here, viz.: 
(a) decrease in pulmonary blood flow (venesection, tourniquets, morphine, gang- 
lion-blocking agents); (b) increased contraction of a failing myocardium (digitalis, 
perhaps aminophylline); (c) dilatation of pulmonary blood vessels (ganglion- 
blocking and adrenergic blocking agents, aminophylline, certain sympathomi- 
metic amines). A fourth but probably less important contribution is decreased 
fluctuation in intrathoracic pressure (morphine and bronchodilators such as 
aminophylline and isoproterenol). Of all the drugs listed here, the digitalis 
group probably have the narrowest area of applicability, but in the presence of 
severe myocardial weakness nothing can replace them. The ganglion-blocking 
agents, aminophylline and morphine, on the contrary, have about the broadest 
spectrum of activity, although they act in very different ways. Some of the 
actions of morphine (respiratory depression in the presence of anoxemia, and a 
tendency to produce both bronchospasm and an increase in cholinergically con- 
trolled secretions) seem to a pharmacologist to give reason for caution in using 
this drug in pulmonary edema, but clinical experience appears to indicate that 
such misgivings are unfounded. 
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This conclusion epitomizes the difficulties involved in drawing on the results 
of laboratory experimentation to guide the therapy of a condition as complicated 
and fulminating as clinical pulmonary edema. Nevertheless it is reasonable to 
suppose that further advances here, as elsewhere, are unlikely to result in any 
other way. At the present time it seems to the authors that the hope of improv- 
ing considerably the management of clinical pulmonary edemas lies in three 
directions: (a) sympathomimetic drugs which dilate pulmonary vessels while 
constricting the systemic (Section III F) (these should be helpful to the extent 
that the pulmonary vessels are capable of further dilatation); (b) agents which 
decrease the permeability of the pulmonary capillaries (Section I B); (c) pro- 
cedures which increase the colloidal osmotic pressure of the blood, so used as 
to obviate rise in pulmonary capillary pressure from hypervolemia or increased 
viscosity. Of these, only the first is at the point of clinical trial. The others 
require careful experimental study. 
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INTRODUCTION 


The lungs, by virtue of their unique position in the circulation, have long 
been recognized as a sensitive indicator of inadequate performance of the left 
heart.!. Until recent vears, studies of the lungs in left heart failure or mitral 
stenosis were concerned primarily with changes in lung volumes and ventilatory 
function.?-5 

With the advent of cardiac catheterization and the more elaborate methods 
for appraising pulmonary function, these earlier observations were extended 
and amplified in several directions: (1) pulmonary hemodynamics and respira- 
tory performance in pulmonary congestion were related to clinical disturbances 
such as dyspnea, orthopnea, and impaired exercise tolerance, (2) physiologic 
bases were established to distinguish between primary disease of the lungs and 
pulmonary congestion secondary to disease of the left heart, and (3) the hemo- 
dynamic disturbances of cor pulmonale and right heart failure were separated 
from those of left heart failure and pulmonary congestion. 

The present report is confined to the anatomic, physiologic, and clinical 
consequences of pulmonary congestion. The term ‘‘pulmonary congestion” 
is used to indicate a state of pulmonary vascular engorgement and anatomic 
changes in the lung initiated by pulmonary venous hypertension. 


THE PATHOLOGIC ANATOMY OF THE CONGESTED LUNG 


Three major types of anatomic alterations characterize the congested lung®:!": 
(a) engorged blood vessels, (b) an excessive quantity of water in the lung as 
manifested by interstitial and alveolar edema, and (c) thickening of the intimal 
and the medial layers of the smaller pulmonary blood vessels with perivascular 
fibrosis. Furthermore, the airways may show mucosal edema and occasionally 
contain free fluid. In addition to the intrinsic changes, the lungs may be com- 
pressed by pleural fluid or an enlarged heart. 
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THE PATHOLOGIC PHYSIOLOGY OF THE CONGESTED LUNG 


The function of the lung is to make possible gas exchange between inspired 
air and mixed venous blood. This process involves: (1) movement of air into 
and out of the lungs by cyclic changes in intrapleural pressure, (2) the distribution 
of inspired air to the alveolar-capillary interface, and (3) alveolar-capillary gas 
exchange. 

For the sake of convenience, the effects of heart failure on each of these 
functions will be considered separately. 

The Movement of Air.—Three aspects of the exchange of air between the 
alveoli and the environment will be considered: ventilation, the lung volumes, 
and the mechanics of breathing. 

Ventilation: The ventilatory abnormalities which have been observed in 
pulmonary congestion include: (1) hyperventilation characterized by tachypnea, 
(2) Cheyne-Stokes (periodic) breathing, and (3) obstructive breathing. 
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Fig. 1.—The minute ventilation in a subject with mitral stenosis and pulmonary congestion at 
rest, and during exercise and recovery. The open circles and the dotted lines represent the normal 
pattern of response to a standard 30-step test. The minute ventilation of the patient (solid circle) is 
abnormally high throughout all periods. 


1. Hyperventilation: An abnormally high minute ventilation occurs in pul- 
monary congestion, both at rest and during exercise.'' This is illustrated in Fig. 1. 
The degree of hyperventilation is directly related to the severity of the congestion 
and is most marked in overt pulmonary edema. The hyperventilation involves 
a greater increase in respiratory rate (tachypnea) than in tidal volume.“ 

In accord with the generally accepted definition of hyperventilation, the 
carbon dioxide tension of arterial blood (Pco,) is lower than normal (i.e., less 
than approximately 40 mm. Hg!''”). This low Pco, occurs despite an increase 
in the basal metabolic rate which is present in pulmonary congestion.'* There- 
fore, it seems apparent that actual hyperventilation rather than hyperpnea 
(where the ventilation increases proportionately to the co, production) exists. 
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This relationship between metabolism and minute ventilation may, however, 
be reversed when obstructed breathing (‘cardiac asthma’’) is added to pulmo- 
nary congestion; in this circumstance the arterial Peo, may rise to abnormal 
levels.!4 

Which cause or consequence of pulmonary congestion is responsible for the 
sustained hyperventilation is not clear. However, several lines of evidence 
implicate the vagus nerve as the afferent pathway. Thus, the tachypnea which 
is produced by acutely increasing pulmonary venous pressure by constricting 
the pulmonary veins":!® is abolished by section of the vagus nerves. Moreover, 
direct recording of action potentials from afferent vagal fibers indicates increased 
vagal activity during pulmonary congestion.'” 

While it seems clear that the tachypnea of pulmonary congestion is reflex 
in origin, the site of the neural receptors (pulmonary interstitial tissue, bronchi 
or bronchioles, large blood vessels or heart) remains unclear.'’ Sensitization 
of the stretch receptors of the normal Hering-Breuer reflex!® is apparently not 
involved.!7*° That anatomic changes in the blood vessels may contribute to 
the tachypnea is suggested by the hyperventilation of congenital heart disease.”! 
Finally, that even extrapulmonary large vessels may play a role in the tachypnea 
of pulmonary congestion is indicated by electrophysiologic measurements.'” 

The relationship between the tachypnea of pulmonary congestion and the 
abnormal mechanics of breathing will be considered below. 

2. Cheyne-Stokes or periodic breathing: This type of ventilation is com- 
mon in severe pulmonary congestion. It is characterized by waxing and waning 
of the rate and depth of breathing, and by recurrent periods of apnea. This dis- 
order occurs in a variety of clinical states other than heart failure, including 
vascular injuries to the brain, damage to the respiratory center, and chronic disease 
of the lungs. Different mechanisms may account for this phenomenon in the dif- 
ferent disease states.??. However, its occurrence in left heart failure probably 
arises from a reduction in cerebral blood flow rather than from a disturbance 
in pulmonary structure or performance. 

3. Obstructive or asthmatic breathing: This is a regular feature of pul- 
monary edema but may also complicate lesser degrees of pulmonary congestion. 
The obstruction to air flow may involve bronchoconstriction as well as edema of 
the bronchial mucosa and free fluid in the tracheobronchial tree. Such obstructed 
breathing is apparently less common in mitral stenosis than in the pulmonary 
congestion of hypertensive cardiovascular disease.'! The reason for this dif- 
ference in incidence has not been established. Although the degree of obstruction 
to air flow may be sufficiently severe to give rise to audible wheezing, lesser de- 
grees may be detected only by a diminished rate of expiratory air flow on either 
spirogram or pneumotachygraph. 

Lung volumes: \t has been repeatedly demonstrated that in left heart 
failure, the vital capacity is reduced below normal and the degree of reduction 
is proportional to the severity of the pulmonary congestion; treatment of heart 
failure may restore the vital capacity to normal.*4 However, recent studies in 
this laboratory! have indicated that the vital capacity may be completely normal 
in patients with mitral stenosis and pulmonary arterial hypertension. Such 
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observations suggest that mechanisms other than vascular engorgement, such 
as subclinical pulmonary edema, may be involved in the reduction in vital ca- 
pacity in pulmonary congestion. Further evidence in this regard is afforded 
by clinical states in which the pulmonary blood vessels are extensively altered 
but edema is minimal, as in congenital heart disease with pulmonary hyper- 
tension; here, too, the vital capacity remains normal although the smaller blood 
vessels are thickened and distorted.”! 


Measurements of the residual volume in pulmonary congestion have been 
far from consistent. It is not possible to account fully for the discrepancies 
between different reports but at least part is attributable to differences between 
the degrees of pulmonary congestion under consideration. In this laboratory,"! 
the residual volume and the vital capacity have been found to remain virtually 
normal in mild to moderate mitral stenosis. Others have shown that: (1) in 
frank failure of the left heart, the residual volume decreases,®”> and (2) in any 
one individual, as pulmonary congestion increases, the residual volume decreases.”° 

However, some have reported abnormally large residual volumes in patients 
with pulmonary congestion.2’7 It can be debated whether such changes merely 
reflect shifts in pulmonary mid-position rather than absolute increases in the 
functional residual capacity. But of particular clinical significance is the ap- 
preciation that such results in pulmonary congestion do not imply the usual 
type of pulmonary emphysema with bronchial obstruction. In the latter instance, 
the large residual volume is accompanied by changes in alveolar ventilation and 
perfusion sufficient to effect severe impairment to gas exchange. This is not 
usually the case in pulmonary congestion. 


Even when the vital capacity is abnormally low in pulmonary congestion, 


the maximum ventilatory capacity may be virtually normal. In our experience, 
as long as bronchial obstruction is absent, the patient is usually capable of breath- 
ing sufficiently rapidly for the short duration of the test to accomplish normal 
maximum ventilatory volumes. Once bronchial edema occurs or cardiac output 
is reduced to the point of limiting physical activity, the maximum ventilatory 
capacity decreases to abnormal levels. 


Mechanics of breathing: Pathologists have long known that a congested 
lung is a stiff lung.?* In 1934, Christie!® concluded, on the basis of measurements 
of intrapleural pressure, that, in pulmonary congestion, the lungs were less dis- 
tensible than normal. 

In recent years, newer techniques have demonstrated that: (1) the con- 
gested lung of both mitral stenosis?’ and hypertensive heart failure*’ is less dis- 
tensible than normal, (2) the mechanical work of moving such congested lungs 
is abnormally high,?* and (3) the oxygen requirement for breathing, an index 
of the energy expended in breathing, is also abnormally high.*! Moreover, an- 
alyses of these data have indicated that some relationship may exist between 
the work of breathing and the breathing pattern adopted by the patient with 
pulmonary congestion.”? 

1. Distensibility: Several factors may reduce the compliance of the con- 
gested lung: (1) reduction in its air content, (2) engorgement of pulmonary vessels, 
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(3) interstitial edema, and (4) thickening of the walls of small and medium-sized 
pulmonary vessels. 

It is customary to measure the distensibility of the lung in terms of ‘‘com- 
pliance.’’ The compliance of the lung is defined as the change in volume of the 


lung for a change in intrapleural pressure, i. However, the translation 


. 
of a reduction in compliance into pathology is complex. Several lines of evidence 
indicate that, in the congested lungs as in the normal lung, a low compliance need 
not reflect a change in the elastic characteristics of lung tissue but may reflect 
instead a reduction in the air content of the lung. 

It has been demonstrated in human subjects that the vital capacity and the 
pulmonary compliance are directly related to the body size, from infancy to 
adulthood.” Moreover, this relationship also seems to apply to abnormal states, 
such as kyphoscoliosis, where the lung is small from compression. A similar 
relationship has been described for the pulmonary congestion of left heart fail- 
ure.5°%4 A plot of vital capacity versus pulmonary compliance for normal and 
kyphoscoliotic subjects and patients with the pulmonary congestion of mitral 
stenosis appears as Fig. 2. This plot is of particular interest since it demonstrates 
that in some instances of pulmonary congestion the compliance is inordinately 
reduced for the reduction in vital capacity. This observation suggests that even 
though a reduction in air content of the lung can reduce the compliance of the 
lung without affecting its elastic characteristics, other factors may operate in 
pulmonary congestion to alter the elasticity of the lungs. 
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Fig. 2.—The relationship between the vital capacity and pulmonary compliance in normal subjects 
patients with reduced lung volume from kyphoscoliosis, and patients with mitral stenosis (discussed 
in text). 


There is ample evidence from studies in animals where pulmonary veins 
can be directly occluded,® from studies in normal man after inflation of a ‘‘G”’ 
suit to congest the lungs*® and from studies of patients with mitral stenosis during 
exercise’ that acute engorgement of the pulmonary vessels results in a reduction 
in pulmonary compliance which is rapidly reversible on interruption of the experi- 
mental circumstance. Although this rapid reversibility suggests that changes 
in the pulmonary blood volume and pressure may be responsible for the reduction 
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in compliance, they do not exclude the possibility that acute shifts of interstitial 
fluid may also be involved. 

In chronic pulmonary congestion, an inverse relationship might be expected 
to exist between pulmonary vascular pressure and pulmonary compliance. This 
possibility has been examined in the congested lung of mitral stenosis.***9 The 
results indicate that although a low pulmonary compliance is generally accompa- 
nied by pulmonary arterial hypertension, this association is not invariable. The 
discrepancies emphasize that pulmonary vascular congestion and hypertension 
are not wholly responsible for the reduction in compliance. 
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Fig. 3.—The pulmonary pressure-volume diagram during a single breath in a normal subject, a 
patient with mitral stenosis, and a patient with pulmonary emphysema and bronchial obstruction (dis- 
cussed in text). 


There are two lines of evidence to implicate anatomic changes in the pulmo- 
nary blood vessels and perivascular fibrosis in the reduction of the pulmonary 
compliance: (1) in congenital heart disease, pulmonary compliance may be 
abnormally low even though the vital capacity is well preserved,”' and (2) follow- 
ing commissurotomy for relief of pulmonary congestion in mitral stenosis, pulmo- 
nary compliance may remain abnormally low as the pulmonary arterial hyper- 
tension persists.**:*9 

2. Mechanical work of breathing: As mentioned previously, the abnor- 
mally high work of breathing in pulmonary congestion is almost wholly attrib- 
uted to a reduction in pulmonary compliance. 

In Fig. 3 is shown the characteristic pulmonary pressure-volume diagram 
of (a) a patient with severe pulmonary congestion due to mitral stenosis, (b) a 
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normal subject, and (c) a patient with pulmonary emphysema and_ bronchial 
obstruction. In the subject with pulmonary congestion, the work done against 
air flow resistance is normal, but the compliance is approximately three times 
less than normal. In the subject with bronchial obstruction, the reduction in 
compliance is accompanied by an increase in air flow resistance.* It is this in- 
crease in air flow resistance that accounts for the greatly augmented total work 
of breathing in emphysema with bronchial obstruction. When pulmonary con- 
gestion is complicated by frank pulmonary edema or “‘cardiac asthma,” the 
air flow resistance further augments the work of breathing.*! 
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Fig. 4.—The relationship between the minute ventilation and the mechanical work of breathing 
in normal subjects and in patients with mitral stenosis and pulmonary congestion. The work of breath- 
ing in the patients with mitral stenosis is higher than normal at rest and rises abnormally as ventilation 


is increased. 


The relationship between the level of minute ventilation and the work of 
breathing in pulmonary congestion is illustrated in Fig. 4. It may be seen that 
in contrast to the normal subject, the patient with the pulmonary congestion 
of mitral stenosis may do as much work in breathing at rest as the normal subject 
does at the higher ventilations of moderate exercise. This observation is par- 
ticularly pertinent to the known intolerance of patients with congested lungs 


*That obstruction to air flow will, per se, reduce pulmonary compliance has been shown by Mead.*! 
The abnormal resistance to air flow accomplishes this by impairing the distribution of air throughout 
the lung. Therefore, areas of the lung with obstructed airways receive and expel less air than the re- 
maining parts of the lung. In this way, the volume of functioning lung as well as the compliance of the 
entire lung is reduced. This effect is greatly magnified by increasing the rate of air flow through an 
increase in respiratory frequency. Thus, Table I demonstrates that compliance is more seriously af- 
fected by rapid respiratory rates in subjects with bronchial obstruction than in normal subjects or in 


patients with pulmonary congestion. 
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to the breathing of CO» mixtures.? In view of the normal sensitivity to COs in 
these patients, the possibility exists that the respiratory distress arises from the 
inordinate work involved in increasing the depth, as well as the rate, of breathing. 

3. Oxygen cost of breathing: Some idea of the energy spent for breathing 
may be gained from the oxygen cost of breathing. There are only a few pub- 
lished measurements of the oxygen cost of breathing in pulmonary congestion.*! 
These indicate that with moderate pulmonary congestion, as may occur in mitral 
stenosis, the oxygen cost of breathing may rise disproportionately as ventilation 
is increased. 

The oxygen cost of breathing may be estimated from the mechanical work 
of breathing on the assumption that only 5 per cent of the oxygen cost of breath- 
ing results in productive external work.” This has been done in Table I for the 
three subjects of Fig. 3. It may be seen that the oxygen cost of breathing in 
the patient with pulmonary congestion exceeds that of the normal subject but 
does not approach that of the patient with pulmonary emphysema. 

It would be of interest to obtain some index of the efficiency of breathing 
in pulmonary congestion by relating the oxygen cost of breathing to the me- 
chanical work of breathing. The necessary measurements have not been made 
vet on the same subject. 

Relation between the work of breathing and the breathing pattern: The ab- 
normally high work of breathing may be responsible for the characteristic breath- 
ing pattern, i.e., rapid respiratory rate and small tidal volume, adopted by patients 
with pulmonary congestion.** This stems from the fact that elastic resistances 
are the ones predominantly increased in pulmonary congestion. It has been 
shown that the most economical pattern for breathing when elastic resistances 
are excessive is one of small tidal volumes.” How this economical pattern of 
breathing is brought about remains unknown. The relation between the economy 
of effort afforded by this pattern and the subjective distress of dyspnea will be 
considered below. 

The Distribution of Inspired Air in the Congested Lung.—The normal lung 
distributes air to alveoli at a rate and volume proportional to the rate of pulmo- 
nary capillary perfusion. The factors which cause abnormal distribution ot 
inspired air within the lung are: (1) obstruction of the airways and (2) abnormal 
distensibility of different parts of the lung. 

Two types of techniques have been used to determine the uniformity of 
pulmonary distribution. One is the breathing of 100 per cent oxygen for a period 
of 7 minutes to rinse out the nitrogen in the alveoli; if certain parts of the lung 
have been poorly ventilated, at the end of 7 minutes, the alveolar nitrogen per- 
centage will be abnormally high (>2.5 per cent).44 The second involves the 
change in nitrogen or helium concentration of expired gas during a single ex- 
piration after inspiring 100 per cent oxygen.” 

The single breath technique® is the more sensitive for detecting minor degrees 
of maldistribution of inspired air. Thus, in pulmonary congestion, the 7-minute 
technique may give normal alveolar nitrogen concentrations at a time when the 
single breath test is distinctly abnormal. However, it should be noted that the 
single breath is rarely grossly abnormal until pulmonary congestion is severe. 
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Alveolar-Capillary Gas Exchange in Pulmonary Congestion.—Alveolar-capil- 
lary gas exchange may be altered in the pulmonary congestion of left heart failure 
or in mitral stenosis in various ways: (1) hyperventilation, (2) low pulmonary 
blood flow, (3) pulmonary edema, and (4) anatomic changes in the smaller pulmo- 
nary blood vessels. 

1. Hyperventilation: Hyperventilation raises alveolar oxygen tensions and 
lowers alveolar carbon dioxide tensions. By this device, minor defects in the 
distribution of inspired air and blood may be overceme, so that appreciable 
arterial unsaturation is prevented and a state of chronic hypocapnia is achieved. 

2. Reduced pulmonary blood flow: Reduced pulmonary blood flow of heart 
failure per se does not lead to disturbed gas exchange but merely alters the dif- 
fusion gradients by which alveolar-capillary gas exchange takes place. Thus, 
as a consequence of the reduced tissue perfusion of heart failure, there is an ab- 
normally wide alveolar-mixed venous blood oxygen difference. The increase 
in alveolar-mixed venous blood tension gradient coupled with the essentially 
intact diffusing capacity of the lung allows the maintenance of normal oxygen 
uptake and nearly normal saturation of bloed leaving pulmonary capillaries, 
not only at rest but usually during moderate exercise."! 

3. Pulmonary edema: Studies in animals have shed some light on the man- 
ner in which pulmonary edema affects gas exchange. Of particular importance 
are the observations that in pulmonary edema produced by inhalation of steam*® 
or by alpha-naphthy! thiourea (ANTU),*? the diffusing capacity is not appreciably 
altered. Where arterial oxygen unsaturation does occur, it can be attributed 
to continued perfusion of areas of the lung whose bronchioles were blocked by 
edema fluid. 

4. Anatomic changes in smaller pulmonary blood vessels: Changes in the 
pulmonary blood vessels may affect alveolar-capillary gas exchange if they extend 
to the pulmonary capillary bed. This problem has been approached by measure- 
ments of the diffusing capacity of the lung. Although the results have been 
variable, in general they seem to be related to the severity of the pulmonary 
congestion. For example, in this laboratory mild-to-moderate mitral stenosis 
has been associated with normal values for diffusing capacity.‘* Elsewhere, 
severe mitral stenosis has been associated with abnormally low values for dif- 
fusing capacity.**°" However, none of these studies can distinguish between 
reductions in the extent of the pulmonary capillary bed in severe mitral stenosis 
and alterations in the permeability of the alveolar-capillary interface. 


THE ARTERIAL BLOOD IN PULMONARY CONGESTION 


The gaseous composition of arterial blood is generally not profoundly ab- 
normal in patients with pulmonary congestion. 

Patients with the pulmonary congestion of hypertensive cardiovascular 
disease or mitral stenosis usually manifest only a slight reduction in oxyhemo- 
globin saturation, i.e., about 93 per cent as compared to the normal value of 
96 per cent. However, in these subjects minor degrees of abnormal gas exchange 
are disclosed by measurements of arterial oxygen tensions rather than saturations. 
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The combination of a high alveolar oxygen tension (through hyperventilation) 
and the low arterial oxygen tension accounts for the wide alveolar-arterial gradi- 
ents for oxygen recorded in pulmonary congestion.*?>?.* 

The arterial Poo, is either normal or slightly reduced in pulmonary con- 
gestion. When bronchial obstruction is present, the Peco, may rise to abnormal 
levels." 

The effect of pulmonary edema on pulmonary gas exchange has been studied 
in only a few human subjects. In most of these,®! the oxyhemoglobin saturation 
has remained virtually normal (93 per cent) despite bubbling rales and marked 
respiratory distress. 

In brief, unless complicated by bronchial obstruction or independent lung 
disease, gas exchange in the congested lung is generally efficient enough not 
only to sustain oxygen uptake and carbon dioxide output at normal levels, but 
also to maintain the blood gas composition of arterial blood at near-normal 


values. 


THE TREATMENT OF PULMONARY CONGESTION 


Aside from direct attention to initiating mechanism, such as left heart 
failure (cardiotonic agents) or mitral stenosis (surgical attack), treatment of 
pulmonary congestion varies with the abruptness of onset. In acute congestion, 
the inflow of blood into the lungs may be curtailed by the upright position, 
venous occlusion tourniquets or phlebotomy, and _ positive-pressure breathing. 

In chronic congestion, control of edema and prevention of sudden increments 
in venous return as may occur during exercise are therapeutically important. 
Thus, in Fig. 5, are contrasted the effects on the pulmonary arterial blood pressure 
of augmenting venous return through leg raising and exercise in a normal subject 
and in a patient with pulmonary congestion from mitral stenosis. It may be 
seen that in contrast to the normal, leg raising and exercise elicit a considerable 
increment in pulmonary arterial pressure which subsides when the procedure 
is arrested. 

Although arterial hypoxemia may not be marked in congestive heart failure, 
the inhalation of enriched oxygen mixtures is used on several grounds: (1) to 
improve the tensions of oxygen in peripheral tissues and organs which have been 
deprived of their normal perfusion, and (2) to alleviate dyspnea. This practice, 
although empirically sound, has not been rationalized. 


DYSPNEA 


As long as dyspnea remains a subjective phenomenon which depends upon 
the awareness of the patient for its disclosure, investigations into its physiologic 
origin will remain difficult. Dyspnea may be said to exist when breathing is no 
longer unconsciously or effortlessly performed. In the normal subject dyspnea 
appears only on strenuous exertion. In patients with pulmonary congestion 
or with intrinsic pulmonary disease, dyspnea may occur at low levels of activity 


and even at rest. 
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Fig. 5.—The response of the pulmonary artery pressure to leg raising and supine exercise in a normal 
subject (A) and in a patient with pulmonary congestion from mitral stenosis (B) (discussed in text). 
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Early studies into the origins of dyspnea have led to a correlation between 
the minute ventilation and the awareness of the breathing effort. It has been 
demonstrated both in normal subjects and in patients with pulmonary disease 
that when the minute ventilation exceeds 30 per cent of the maximum breathing 
capacity, i.e., when the breathing reserve is less than 70 per cent, dyspnea is 
usually present.” 

In recent vears, studies of the mechanical work of breathing and the oxygen 
cost of breathing have suggested that the major factor underlying the relation- 
ship between minute ventilation and dyspnea is the energy expended in breathing; 
in pulmonary congestion as well as in intrinsic pulmonary disease, the mechanical 
work of breathing and the oxygen cost of breathing are both increased inordi- 
nately as ventilation increases and dyspnea appears. 

Studies of the specific resistances to ventilation indicate that the work and 
energy cost of breathing in pulmonary congestion are increased largely because 
of a decreased distensibility of the lung. Thus, patients with mitral stenosis 
may be required to perform a level of mechanical work on the lungs at a venti- 
lation of 10 liters per minute, which the normal subject does not expend until 
30 or 40 liters per minute of ventilation is reached (Fig. 4). Similarly, when 
the work of breathing is assessed by measuring the oxygen cost of breathing it 
has been demonstrated that, at comparable ventilatory volumes, the patient 
with mitral stenosis and pulmonary congestion utilizes three times as much 
oxygen for breathing as does the normal subject.*! The direct relationship be- 
tween the increased mechanical work of breathing and dyspnea also exists in 
conditions such as obesity and kyphoscoliosis,** where the increased energy re- 
quirement for breathing arises not from the lungs but from altered resistances 
to breathing in the chest wall. 

According to this concept, the factors which underlie dyspnea are the work 
and the energy cost of breathing. In this light, the dyspnea of cardiac failure 
differs from the dyspnea of the normal subject only in that it appears under un- 
usual circumstances, i.e., at smaller ventilatory volumes. By this concept also, 
the dyspnea of heart failure originates in the abnormal pulmonary mechanics 
rather than in the performance of the heart. 

Although the connection between dyspnea and the increased work and 
energy cost of breathing is not understood, it has been indicated that this inter- 
play may be responsible for the characteristic breathing pattern adopted by 
the patient with pulmonary congestion. Thus, whenever the elastic resistances 
of either the lung, as in congestive heart failure, or the chest wall, as in kyphos- 
coliosis, are abnormally high, the breathing pattern seems to be one of rapid 
frequency and small tidal volume. This relationship suggests that dyspnea, 
elicited by the abnormal work and energy cost of breathing, provides a subjective 
brake to curtail uneconomical ventilatory excursions. 


SUMMARY 


1. The performance of the lung in pulmonary congestion has been con- 
sidered in terms of anatomic and physiologic abnormalities. 
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2. The characteristic breathing pattern of pulmonary congestion is one 
of tachypnea and hyperventilation. This is interpreted as a device to minimize 
the work and energy cost of breathing. 


3. The major impairment to gas exchange is one of maldistribution of 
inspired air in relation to pulmonary capillary blood. Diffusion ts relatively 
unaffected, even in the face of interstitial edema. 

4. Dyspnea is considered as a consequence of the abnormally high work 
of breathing, and as a mechanism for adjusting the ventilatory pattern so as 
to minimize the work of breathing. 
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AST new territories of cardiology were opened up by Bloomfield and _ asso- 

ciates®> when they first pushed a catheter intentionally into the human 
pulmonary artery. Not only was one of nature’s closely guarded secrets revealed 
but the pulmonary bed became one of the most easily accessible segments of 
the human circulation. It was soon learned that pulmonary hypertension is a 
frequent and important feature in many types of heart disease and that different 
pathogenetic types of pulmonary hypertension exist (Fig. 1). 

The role of the nervous system is one of the main controversial points in 
the genesis of pulmonary hypertension. The roots and causes of this controversy 
have been described by Lilienthal and Riley*® with an admirable clarity: 


There is in historical perspective a recurrent pattern in the de- 
velopment of concepts concerning special circulations. In the earlier 
stages of investigation the experimental technics available for isolation 
and measurement of the circuit under study are relatively crude and 
unwitting damage is done to the controlling mechanisms. During this 
period the conclusion is oftimes drawn that the special circulation 
mirrors in a passive way the pressures and flows imposed on it by the 
systemic circulation. With progressive refinement of experimental 
technics there begin to appear observations which suggest that active 
vasomotion does occur in response to a host of neural and chemical 
stimuli. The growth of our knowledge concerning the cerebral and 
hepatic circulations are examples of this pattern. For many years this 
same question has confronted students of the pulmonary circulation and 
to this day the dilemma has not been resolved with any finality.*® 


The importance of static factors in the genesis of pulmonary hypertension 
is generally accepted. A stenosed mitral valve or a large interventricular septal 
defect can obviously be the main cause of pulmonary hypertension. Microscopic 
changes in the lung vessels, consisting of intimal proliferation and atherosclerotic 
deposits, and thromboembolic obliteration of several branches, are of equal im- 
portance. These changes not only decrease the capacity of the pulmonary vas- 
cular bed but also severely impair its biophysical characteristics.“ This is 
why anatomic changes appeared amply sufficient to explain the increase in 
pulmonary arterial pressure to some observers.'" It is not very difficult, however, 

*Adolph Basser Senior Research Fellow of the Royal Australasian College of Physicians. 
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to find anatomic observations which fail to support this view. In some cases 
of idiopathic pulmonary hypertension with an extremely high pressure, no micro- 
scopic anomalies were detected in the lung vessels.** A poor correlation was 
found between microscopic changes in the pulmonary arterioles and the increase 
in arteriolar resistance in mitral stenosis.°** The thickening of the medial 
musculature of the pulmonary arterioles, hitherto regarded as real muscular 


hypertrophy, has been revealed as the consequence of pre-existing vasoconstric- 
tion, !7 34.43.4445 
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Fig. 1.—Pathogenesis of pulmonary hypertension. White circles represent the three possible general 
causes of pulmonary hypertension while the resulting diseases are shown as black circles. By shifting 
the black circles in different directions one can illustrate the varying extent to which one of the three 
mechanisms participates in the genesis of pulmonary hypertension. For example, the black circle of 
mitral stenosis if shifted downward will represent those cases where mechanical obstruction of the mitral 
flow is the main cause of pulmonary hypertension. If it is shifted upward and to the left, the other form 
of the disease is shown in which arteriolar resistance is the major obstacle to blood flow.?? 


From these observations it appears that even anatomic findings are to some 
extent suggestive of a superimposed functional factor in pulmonary hypertension. 
The importance of this issue is by no means merely academic. It should be re- 
membered that static factors are either irreparable or are the surgeon's concern; 
the physician can only hope to treat the functional components of the disease. 
The functional components of pulmonary hypertension may be chemical 
or neurogenic in nature. Only the latter will be dealt with in this paper. 
Recent reviews in several languages®:!!'4?749 have given a detailed account 
of our present knowledge concerning the nervous regulation of the normal pul- 
monary circulation. A fair number of nerve endings are known to exist in the 
walls of the lung vessels supplied by afferent and efferent nerve fibers. Sym- 
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pathetic discharges were found to have a constricting effect on these vessels.!! 
Interruption of the efferent pathway (vagotomy) had no effect on pulmonary 
hemodynamics.*” In addition to this direct action, nervous induced changes in 
heart rate, cardiac output, bronchcmotor tone, and intrathoracic blood volume 
are capable of affecting indirectly the pulmonary circulation. 

There is a further aspect of the neurogenic regulation of the lesser circulation 
which should not be allowed to remain unmentioned here. The concept of 
“neurogenic lung edema’’ was often emphasized in the earlier literature, which 
implied a specific role of the nervous system in inducing lung edema. It has been 
demonstrated in recent years that some types of this ‘‘neurogenic lung edema” 
are mediated by the indirect action of the nervous system on lung circulation, 
for example, by an excessive increase in systemic arterial pressure or by exces- 
sive bradycardia. The mechanism of other types of ‘‘neurogenic lung edema”’ 
(e.g., vagotomy*’) is not yet well understood. It should be emphasized, however, 
that no evidence has hitherto been presented in support of any specific action 
ef the nervous system on the permeability of the lung capillaries. This topic 
is considered elsewhere in this symposium (Aviado and Schmidt, p. 495). 

Students of the neurogenic aspects of pulmonary hypertension use the 
technique of right heart catheterization. Cardiac output (a), pulmonary arterial 
pressure (b), and pulmonary arterial ‘‘ wedge”’ pressure (c) are usually determined 
before and after the administration of a ganglionic or adrenergic blocking agent. 
These variables are substituted into Poiseuille’s formula‘? in order to calculate 
resistance to flow in the pulmonary circuit. Two types of resistances are usually 
calculated: total pulmonary resistance (TPR), and pulmonary vascular resis- 
tance (PVR). 

According to this approach, cardiac output, arteriolar diameter, and height 
of ‘‘wedge’”’ pressure are the main factors which determine the level of pulmonary 
artery pressure. A change in the pressure in the pulmonary artery might there- 
fore be the result of a change in any of the aforementioned variables. Resistance 
equals pressure drop across the circuit divided by flow; a change in its value can 
(if flow and ‘‘wedge”’ pressure remain constant) be attributed to a change in the 
diameter of vessels. For calculating total pulmonary resistance (TPR), pul- 


monary artery pressure is divided by cardiac output (2 Left ventricular di- 
a 


astolic pressure in this calculation is assumed to be zero and the pressure drop 
across the circuit is hypothetically regarded to be equal to the pulmonary arterial 
pressure. The height of the pulmonary artery pressure is influenced, however, 
by the level of the pulmonary arterial ‘‘wedge’’ pressure. A decrease in the latter 
will involve in most of the cases an equivalent decrease in the former. A normal 
‘‘wedge’’ pressure is unlikely to decrease significantly. In precapillary pulmonary 
hypertension (e.g., cor pulmonale, Eisenmenger syndrome, and others) a decrease 
in TPR will most probably be due to arteriolar dilatation. In postcapillary 
pulmonary hypertension (e.g., left ventricular failure, mitral stenosis, and others) 
most of the neuroplegic substances will decrease ‘‘wedge’’ pressure. In these cases, 
therefore, a decrease in TPR will not necessarily reflect pulmonary arteriolar 


dilatation. 
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Pulmonary vascular resistance (PVR) is obtained by dividing the pressure 
gradient between the pulmonary artery and the ‘“‘wedge’’ by cardiac output 


a 
changes in the lumina of the pulmonary arterioles. 

This is the scheme generally used in interpreting changes in pulmonary 
hemodynamics following the use of blocking agents. The lively criticism to 
which this scheme has recently been subjected should induce us to look into it 
more closely. It should be found out how far the shortcomings of this interpre- 
tation undermine the results and conclusions to be reviewed here. 


b-c ; 4 
( —}. Values obtained in this way are commonly used as reflections of 


The expression ‘‘wedge”’ pressure has been frequently used but not explained 
in this review. Pulmonary arterial ‘“‘wedge’’ pressure has been found by the 
majority of investigators to be a close estimate of left atrial pressure, both in 
the normal man and animal. There is a minority who believe that ‘‘wedge’’ 
pressure is identical with pulmonary capillary pressure. The difference between 
pulmonary capillary and left atrial pressures is very slight under normal con- 
ditions and is unlikely to influence our calculations for clinical purposes. There 
is one point, however, which does not seem to have received sufficient attention: 
the role of the pulmonary veins. 

A muscle layer has been unequivocally demonstrated by many histologists 
in the pulmonary veins. Some pharmacologic evidence has been accumulated 
in the animal showing that the pulmonary veins are capable of constriction. 
In this stage, ‘‘wedge’’ pressure would certainly not correspond any more to 
left atrial pressure but rather to pulmonary capillary pressure. Blocking agents 
in this stage would probably partly, or totally, abolish this venoconstriction re- 
sulting in a ‘“‘wedge’’ pressure which again would reflect left atrial pressure. One 
would, therefore, at the moment prefer to adhere to the rather vague term 
‘wedge’ pressure. The looseness of this term will certainly challenge some 
investigators to study more closely the simultaneous behavior of ‘‘wedge’’ and 
left atrial pressures under different conditions. 

The main attack of criticism is directed against the use of the concept ‘‘re- 
sistance.’’ Poiseuille’s law‘? was originally meant to describe pressure-flow 
relationships in rigid tubes filled by a Newtonian fluid, exhibiting a constant 
flow. One can hardly help wondering if this formula is still valid in a system of 
elastic tubes, filled by a non-Newtonian fluid, exhibiting an intermittent flow. 
To discard the concept completely appears to some of us unwise. A primitive 
compromise has been adopted as a temporary expedient. This compromise 
presupposes that, while small numerical differences in resistance might be mis- 
leading, a constant trend of changes could be indicative of the direction of changes. 
Tables in this review will therefore not show absolute values; only trends of 
changes are shown. 

The many sources of error inherent in right heart catheterization cannot 
be described here in detail. One point, however, does not seem to have received 
sufficient attention in the past. P. Fleming and Brotmacher*! have demonstrated 
recently that spontaneous fluctuations in the pulmonary arterial pressure of 
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32 patients suffering from pulmonary hypertension were considerable and, in 
one case, amounted to 28 mm. Hg. In patients with normal pulmonary artery 
pressures (11 cases) the fluctuations never exceeded 7 mm. Hg. 


MITRAL STENOSIS 


Most of the work on the neurogenic aspects of pulmonary hypertension has 
been carried out in this disease. All available data are summarized in Table I. 


TABLE I. THE Errect oF NEUROPLEGIC SUBSTANCES ON THE 
PULMONARY CIRCULATION IN MITRAL STENOSIS 


| 
NO. OF | NO. OF | MEASURE- 
SUBSTANCE | REF. CASES MENT RESULTS REMARKS 


TPR | Increase 

| No change 

TPR Inconsistent 

TPR __| Decrease 

TPR Decrease 

EER Inconsistent Mean change: slight increase 
PAP Decrease 

TPR Decrease PVR decreased in 1 case 
Tetraethylammonium PVR Decrease Inverse response in 1 case 
Tetraethylammonium : EPR Decrease 

Hexamethonium PVR Decrease Drop in PWP primary? 
Hexamethonium 2 TPR Decrease Therapeutic implications 
Hexamethonium PVR Decrease Therapeutic implications 
Hexamethonium ‘ PVR Decrease Direct + indirect mechanism 
Hexamethonium PVR No change 

Hexamethonium : PVR Inconsistent Drop, no change, increase 
Reserpine 2 PVR Decrease 

Reserpine PVR Decrease 

Reserpine : TPR Decrease No effect in 1 case 
Acetylcholine PVR Decrease Transient effect 
Acetylcholine Bi 2 PAP Decrease Transient effect 

Morphine 2 PVR Increase No detailed data published 
Sleep : : TPR Decrease 


Dihydroergotamine 
Hydergin 

Hydergin 

Hydergin 
Dibenamine 
Priscoline 
Priscoline 

Regitine 


GU DN DN DHE DDD 


Explanation of symbols: PV R—pulmonary vascular resistance. TPR—total pulmonary resistance. 
PAP—pulmonary artery pressure (no flow measurement). PWP—pulmonary ‘‘wedge”’ pressure. 


Adrenergic blocking agents failed to exhibit any uniformity in their action. 
TPR increased following the administration of dihydroergotamine.” This effect 
appeared to be unrelated to the sympatholytic property of the substance; the 
administration of Hydergin resulted either in a slight decrease*® or no change*:*7 
in TPR. The administration of Dibenamine,*! Priscoline,**’ and Regitine™ 
in a rather small series of patients resulted in a decrease in TPR; PVR was not 
determined. 

More investigations have been carried out with ganglionic blocking agents. 
Tetraethylammonium has lowered PVR*®! and TPR.*! A decrease in PVR was 
observed after hexamethonium in most cases‘ no change® or inconsistent 
results” were observed in others. The cause of these different results is not clear. 
There were apparently no major differences in the composition of the series; 
the dosage, the period of observation, and experimental techniques were more 
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or less similar. It seems not unlikely that the neurogenic component of pulmo- 
nary hypertension differs from case to case. 

Reserpine was found to decrease PVR significantly in practically all the 
cases investigated.?**°* Its mode of action is not yet well understood. A 20- 
minute interval was observed between the administration of the drug through 
the catheter and the decrease in PVR. The pulmonary hypotensive effect lasted 
for several hours and the systemic circulation remained practically unaffected. 
Acetylcholine also decreases pulmonary arterial pressure and _resistance*:*; 
the effect is, however, drastic and transient. 

A significant increase in PVR was reported following the administration of 
morphine.'* The only paper on this subject unfortunately fails to give any 
detailed data on this highly interesting finding. 

A significant reduction of TPR was observed during sleep.*! Since PVR, 
due to obvious technical difficulties, could not be determined, the mechanism 
of this pressure fall cannot be properly interpreted. 

An increase in PVR has been regarded as instrumental in protecting the 
lung capillaries from the high pulmonary arterial pressure by decreasing right 
ventricular output (Dexter and associates"). If one accepts that this increase 
in PVR is due partly to neurogenic vasoconstriction one wonders what could be 
gained by abolishing this protective mechanism. Nonetheless the use of hypo- 
tensive drugs might be advantageous in two forms or stages of mitral stenosis. 
In the first group of cases, PVR is unduly elevated, approaching, or even surpass- 
ing, systemic resistance; in these instances a long-term treatment with a hypo- 
tensive drug might be worth a trial. The drug of choice appears to be reserpine 
since other substances which have been tested require a dose which first affects 
the systemic circulation. This form of treatment has still to be explored. Good 
results have been reported in the second group in imminent or manifest lung 
edema due to mitral stenosis. This seems to be a contradiction to what was 
said before about the protective vasospasm of the lung arterioles. In this use 
of hypotensive agents, however, not their pulmonary vasodilator activities are 
exploited but rather their indirect effect on lung circulation. These drugs, by 
decreasing systemic resistance, apparently allow part of the intrathoracic blood 
volume to shift to the periphery. This redistribution of circulating blood volume 
decreases pulmonary capillary pressure and prevents or reverts lung edema. 
This effect is best achieved by a quick-acting substance with a predominantly 
systemic action, such as hexamethonium or tetraethylammonium. 


LEFT VENTRICULAR FAILURE 


Only a few investigations have been carried out in this form of pulmonary 
hypertension (Table II). Blocking agents invariably caused a reduction in 
pulmonary artery pressure. PVR was investigated by a single author only”; it 
was found to decrease. 

Blocking agents have an excellent therapeutic effect in paroxysmal nocturnal 
dyspnea and acute lung edema due to left ventricular failure. The mechanism 
of this action is presumably identical with that described in mitral stenosis. 


VOL 
| 
195 


vous AUTONOMOUS NERVOUS SYSTEM IN PULMONARY HYPERTENSION 531 


Number 5 


TABLE II. THe Errect oF NEUROPLEGIC SUBSTANCES ON THE 
PULMONARY CIRCULATION IN LEFT VENTRICULAR FAILURE 


NUMBER OF 
SUBSTANCE CASES MEASUREMENT RESULTS 


Tetraethylammonium2 5 PVR Decrease 
Tetraethylammonium?*! ul Decrease 
Dibenamine*! 4 TPR Decrease 
Sleep*! 3 TPR Decrease 


CONGENITAL HEART DISEASE WITH PULMONARY HYPERTENSION 


A comparatively small number of patients have been investigated in this 
group (Table III). A decrease in resistance was observed only occasionally, 


THE Errect oF NEUROPLEGIC SUBSTANCES ON THE PULMONARY CIRCULATION IN 
CONGENITAL HEART DISEASE WITH PULMONARY HYPERTENSION 


TABLE ITI. 


NUMBER OF MEASURE- 
SUBSTANCE CASES MENT RESULT REMARKS 


Hydergin® 1 BPR Decrease 

Priscoline* 9 PVR No change Decrease in 2 cases 
Reserpine”? 3 PVR Decrease 

Acetylcholine* 12 PAE No change Some decrease in 2 cases 


In these diseases, a wide communication exists between the left and the 
right side of the circulation. Since blood will always flow toward the lesser 
resistance, an increase in pulmonary vascular resistance is a vital condition in 
maintaining the balance of circulation. The increase in PVR is occasionally 
much exaggerated; it may become higher than the systemic resistance. The 
result will be a right-to-left shunt with cyanosis. If PVR in these cases could 
be reduced pharmacologically to a more reasonable level, cyanosis would disap- 
pear. Although only a minority of cases can be expected to respond, the trial 
appears to be a useful undertaking. For many reasons, reserpine seems to be 
the most suitable substance. 


CHRONIC COR PULMONALE 


Very little work has been done to assess the neurogenic contribution to the 
genesis of pulmonary hypertension in this group of diseases (Table IV). A slight 
decrease in resistance was observed following the administration of Regitine,*® 
tetraethylammonium,” and hexamethonium,*’ °°’ the effect of the latter being 
rather inconsistent. 

Blood flow in mitral stenosis has to overcome two obstacles: the narrowed 
pulmonary arteries and the tightened mitral valve. In pulmonary heart disease 
it is only the former obstacle which impedes blood flow. It appears therefore 
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TABLE IV. THE EFFECT OF NEUROPLEGIC SUBSTANCES ON THE PULMONARY CIRCULATION IN 
CHRONIC PULMONARY HEART DISEASE 


NUM- 
BER OF | MEASURE- | 
SUBSTANCE RESULT | REMARKS 


Increase 

No change 

Decrease | Unconvincing data 

Decrease | Initial PAP not very high 

Decrease | 

No change | Decrease in flow 

Decrease | Unconvincing data 

Inconsistent | Transient decrease in 2 cases 
(syst.) Decrease | Unconvincing data 

Inconsistent | Interpretation controversial 


Hydergin, dihydroergotamine® 
Priscoline** 

Regitine®® 
Tetraethylammonium” 
Hexamethonium?®? 
Hexamethonium*® 
Hexamethonium®® 
Acetylcholine® 

Heptaminol® 

Atropine, Banthine! 


— 


that pharmacologic dilatation of the pulmonary bed would be particularily 
advantageous. Recent observations®* have shown, however, that any improve- 
ment in the perfusion of the lung, if unaccompanied by an equivalent increase 
in alveolar ventilation, will decrease arterial oxygen tension and saturation. 
This is due to a decrease in the ventilation-perfusion ratio of the lung and is in 
accord with the original suggestion by von Euler and Liljestrand'® that pul- 
monary vasoconstriction may serve as a useful adaptation which prevents over- 
perfusion of underventilated alveoli. 


IDIOPATHIC PULMONARY HYPERTENSION 


It is generally agreed that this group consists of several pathogenetically 
different diseases. It is by no means unusual,®” however, to find cases with little 
or no anatomic damage of the lung vessels, despite pre-existing hypertension of 
extreme degree. This is one of the reasons why this disease has been considered 
to be due to pulmonary vasoconstriction. When Priscoline was first reported 


TABLE V. THE EFFECT OF NEUROPLEGIC SUBSTANCES AND INTERVENTIONS ON THE PULMONARY 
CIRCULATION IN IDIOPATHIC PULMONARY HYPERTENSION 


NUMBER OF | 
SUBSTANCE CASES MEASUREMENT RESULT | REMARKS 


Decrease 

| No change 

| No change 
No change 
Decrease 
No change 

| Decrease 
Inconsistent 
No clinical benefit | 
Increase | Due to pain 
No change 
No change 


Priscoline!:16 

Priscoline*® 

Priscoline®® 

Priscoline?® 

Priscoline™ 
Hexamethonium*® 
Hexamethonium”™ 
Acetylcholine* 
Chlorpromazine™ 

Ggl. stellatum blockade?® 
Ggl. stellatum blockade®* 
Sympathectomy (T.-T,)* 


| TPR 
PVR 
TPR 
PAP 
| | PAP 
PAP 
9 
PVR 
TPR 
1 PVR 
PVR 
TPR 
1 PVR 
TPR 
: PAP 
None 
PVR 
PVR 
TPR 
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to decrease pulmonary arterial pressure in this clinical entity,!'® the general 
belief was that the vasoconstriction was neurogenic in origin. Further investi- 
gators have, however, mostly failed to confirm this effect of Priscoline?®°°® and 
only Yu® was able to reproduce Priscoline-induced hypotension in one of his 
patients. This difference in results might perhaps be the reflection of the differ- 
ence in the etiology of individual cases. Many other substances have since been 
tried (Table V). Their effect was nearly always disappointing. H. A. Fleming?? 
has recently given reserpine to one of his patients suffering from idiopathic pul- 
monary hypertension. No response was observed. Similar negative findings 
have led Wade and Ball®® to suggest that pulmonary vasoconstriction in this 
disease (although apparently present?*®) is non-neurogenic in origin. A search 
for an unknown pressor-agent should perhaps be attempted. 


SUMMARY 


The extent of neurogenic contribution to the genesis of chronic pulmonary 
hypertension appears to depend on the particular form of the underlying disease. 
It seems considerable in mitral stenosis and may be totally absent in idiopathic 
pulmonary hypertension. The other forms of the syndrome lie between these 
two extremes. 

Neurogenic pulmonary vasoconstriction in some cases seems to contribute 
to the maintenance of circulatory homeostasis in the lungs. In other cases its 
extent appears unreasonably high and attempts should be made to relieve it. 

Neuroplegic drugs are not only beneficial in relieving this vasoconstriction, 
but also by being capable of inducing a rapid decrease in pulmonary capillary 
pressure. This renders their use advisable in cases of imminent or manifest 
lung edema due to engorgement of the lungs. 
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HE TERM “congestive heart failure’ has two implications: one, that there 

is an accumulation of an excess volume of blood in various organs and tis- 
sues, at least in the veins and capillaries, and, the second, that the prime mover 
leading to this congestion is failure of the heart as a pump. 

Although in chronic congestive heart failure there is almost invariably an 
excessive amount of extracellular fluid, acute congestive failure can occur without 
change in the volume of the extracellular fluid. Pulmonary congestion and 


edema may result from myocardial infarction long before there has been time 
for the patient to acquire the necessary salt and water to expand the extracel- 
lular fluid volume, and acute right-sided failure may similarly supervene follow- 
ing the sudden development of a left-to-right shunt (rupture of the interventricu- 
lar septum or of a sinus of Valsalva aneurysm) or of obstruction of the pulmonic 
artery. Conversely, massive generalized expansion of the extracellular fluid 
volume, as in the nephrotic syndrome or experimentally produced by saline 
infusion, does not necessarily lead to congestive changes in the presence of a 
normal heart. 

As a working principle the accumulation of an excessive volume of extra- 
cellular fluid in congestive heart failure may be regarded as a normal physiologic 
response to the unusual conditions produced when the heart fails in its function 
as a pump. For practical purposes extracellular fluid may be considered as an 
aqueous solution of sodium and its attendant anions, chloride and bicarbonate, 
since these constitute 95 per cent of its inorganic constitutents. It therefore 
follows that an excess of extracellular fluid can accumulate only if the ingredients 
enter the body from without, generally in the form of food and drink in response 
to appetite and thirst. 

There is abundant evidence that in normal man any continued increment 
in sodium intake is shortly followed by a parallel increment in sodium excretion. 
In congestive heart failure the absence of such a response leads to the accumu- 
lation of an excess of sodium in the body, an excess which may constitute more 
than 60 per cent of the usual normal sodium content of the body calculated on 
the basis of ‘dry’ body weight.!® 
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SODIUM RETENTION (NORMONATREMIC EDEMA) 


The retention of sodium, if not accompanied by sufficient water to render it 
isosmotic with the body fluids, leads both to thirst and to the release of anti- 
diuretic hormone. Water is accordingly ingested and retained in quantity suf- 
ficient to restore the body fluid osmolality to normal, although obviously its 
volume is increased. Since sodium salts are largely limited to the extracellular 
fluid, it is this compartment that suffers the expansion which becomes clinically 
manifest as edema. In the vast majority of patients with chronic congestive 
heart failure the proportionate retention of water and salt is such that body fluid 
osmolality and serum sodium concentration remain normal. The retention of 
sodium could be the result of intrinsic renal mechanisms or could derive from 
extrarenal hormonal or neural influences. These possibilities may now be con- 
sidered. 

Glomerular Filtration Rate.—Since glomerular filtration rate is often decreased 
in chronic congestive heart failure, the hypothesis has been advanced® that the 
reduction in the filtered load of sodium in the presence of a continued ‘‘normal”’ 
rate of tubular sodium reabsorption is responsible for sodium retention. This 
hypothesis, however, fails to explain many subsequent clinical and experimental 
observations. Thus patients may be in congestive failure despite a normal 
glomerular filtration rate.'** There is poor correlation between sodium excretion 
and acute changes in glomerular filtration rate in patients with congestive fail- 
ure!®; spontaneous or induced diuresis may occur without any increase in glomer- 
ular filtration rate.”?-.°7.6° Furthermore sodium retention may occur in the dog 
with experimentally produced cardiac failure prior to any decrease in glomerular 
filtration 

While it cannot be denied that a reduction in glomerular filtration rate, 
when encountered in congestive failure, may be a factor in the production of 
sodium retention, the extent of tubular sodium reabsorption appears to be of 
much more moment. 

Tubular Sodium Reabsorption.—While little is presently known of the in- 
fluence on renal tubular sodium reabsorption of malnutrition, hypoxia, or dis- 
tortions of the intrarenal circulation not detectable by clearance techniques, it 
is conceivable that these or other concomitants of congestive heart failure might 
play a significant role. It has recently been speculated!:®’ that an increased 
concentration of the plasma proteins in postglomerular capillaries is responsible 
for sodium retention in a variety of conditions. Since the primary effect of this 
should be on tubular water reabsorption it will be discussed later. 

The obscurity surrounding the influence of the nervous system on renal 
tubular mechanisms is such that little could be gained by reviewing this area 
in its relation to congestive heart failure. 

The role of aldosterone in regulating the sodium content of the body remains 
obscure. Normal man can maintain a relatively steady state of body sodium 
despite the daily administration of 3,000 to 6,000 mcg. of this steroid,' and pa- 
tients with Addison’s disease or those who have had bilateral adrenalectomy, 
provided that they receive a constant and unchanging supply of adrenal cortical 
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hormones, can regulate sodium excretion in response to a deficit of this element® 
or in response to alterations in extracellular fluid volume.” 

Body fluid volume: Since alterations in body fluid volume are known to be 
important determinants of the renal tubular handling of sodium in the normal 
individual,27:*!:®! we may well consider now the possible relation of such alterations 
to sodium excretion in congestive heart failure. We must bear in mind that 
where and how the body receives information concerning distortions in ‘“‘volume”’ 
remains far from settled and also that we have no knowledge of the normal ef- 
fector pathway, not even whether it is humoral or neural, although some evidence 
favors the former. 

In the normal individual an acute decrease in whole blood volume (which 
almost always is accompanied by a decrease in interstitial fluid volume), a de- 
crease in total extracellular fluid volume or a decrease in total body water (which 
includes the extracellular fluid volume) results in enhanced renal tubular sodium 
reabsorption; an increase in the latter two volumes has the opposite effect. An 
expansion of plasma volume alone apparently does not increase sodium excretion.” 
It is, however, abundantly clear that it is not merely the over-all volume of the 
body fluids which is involved since a redistribution of body fluid without altering 
its total volume appears to be a critical determinant of sodium excretion. Thus 
the pooling of blood and of extracellular fluid volume in the legs, produced by 
quiet standing or the application of cuffs to the thighs, results in increased tubular 
sodium reabsorption, as does the redistribution accomplished by opening an oc- 
cluded arteriovenous fistula.2> On the other hand, assumption of recumbency 
or the closing of an arteriovenous fistula has the opposite effect. 

While it is quite certain that patients in congestive heart failure have an 
increased total volume of extracellular fluid and an increased total blood volume,** 
it is entirely possible that the distribution of these fluids may be such that their 
volume is reduced in some critical area. The location of this area or areas, how- 
ever, remains something of a mystery. Some investigators have been content 
with the suggestion of a cephalad position, not necessarily within the head*; 
others have been more specific. For example, the studies of patients with arterio- 
venous fistula led Epstein®’ to suggest that a volume receptor may well exist 
in the arterial tree, sensitive either to changes in arterial filling or arterial pres- 
sure. Other workers*® believe that volume rather than pressure may be important 
in this regard. The placing of a volume receptor on the arterial side of the circu- 
lation is extremely appealing when one considers patients in congestive heart 
failure who obviously have an increased volume on the venous side. Thus one 
can conceive of a sequence of events in which reduction of cardiac output is 
followed by a maldistribution of blood such that the arterial side loses volume 
while the venous side gains it. The reduction in arterial volume may then in- 
fluence the volume receptor system and result in decreased sodium and water 
excretion. The consequent retention of sodium and water would then serve to 
increase venous return with subsequent augmentation of cardiac output and 
arterial filling. If arterial volume is fully restored, further sodium retention 
would be prevented and the patient would then remain in a stable state with 
expanded total blood volume and extracellular fluid volume. If cardiac function 
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was so impaired that the output could not be increased in response to enhanced 
venous volume, then the arterial volume would remain reduced and sodium and 
water retention would continue unabated as long as sodium was ingested, thus 
resulting in increasing edema formation. 

Certain relevant studies*’**!® may be mentioned in which ‘effective blood 
volume’? was reduced by venesection, venous congestion, or a 45-degree tilt. 
This led to a decrease in cardiac output in normal subjects and in those with 
moderate degrees of heart failure and was accompanied by a decrease in renal 
sodium excretion. On the other hand, in certain of the patients with more severe 
congestive failure, in whom it may be inferred that the ‘‘effective blood volume”’ 
was excessively expanded, reduction in this volume by one or another of the 
maneuvers mentioned was accompanied by an increased cardiac output and an 
augmentation in urinary sodium excretion. 

Difficulty in locating the receptor in the arterial tree lies in its application 
to patients with congestive heart failure characterized by increased cardiac 
output. In order to include these patients in the scheme outlined, one of two 
arguments must be utilized. First, one may assume that once the heart fails 
in beriberi, anemia, or hyperthyroidism there has actually occurred a reduction 
in cardiac output although it may still be above normal limits. Such argument 
assumes, however, that the arterial volume receptor in high output states without 
failure has become set at a different level from the normal and is therefore capable 
of appreciating a reduction in this volume even though the decrease does not re- 
sult in a value below the normal range. Second, one may argue that the ‘‘shunts’’ 
responsible for the high cardiac output in these conditions are so located that 
they rapidly deprive a critical portion of the arterial tree of its blood volume. 
If this is the case then the high cardiac output may actually be accompanied by 
a reduction in blood volume in the major arteries, as is the case in heart failure 
with reduced cardiac output. 

That a volume “‘receptor’”’ might exist in the brain itself was suggested by 
Viar and his associates’! who believed that they demonstrated increased sodium 
excretion following compression of the neck, but who failed to observe such a 
response to neck cuffing (or to the assumption of the supine position) in patients 
with congestive heart failure. These observations were interpreted as indicating 
either inactivity of the cranial volume receptor under these circumstances or 
that more potent salt-retaining stimuli overshadowed this volume mechanism. “4 
However, others?’** have failed to confirm the influence of neck compression on 
renal sodium excretion in normal individuals, and in anesthetized dogs altered 
cerebral venous pressure or cerebrospinal fluid pressure did not affect sodium 
excretion.2? For the present we would conclude that there is little evidence to 
support an intracranial location for a volume receptor either in the normal indi- 
vidual or in the patient with congestive heart failure, although such a location 
remains distinctly possible. 

In view of the fact that the atria of the heart and the intrathoracic veins 
are distended with blood in congestive heart failure, it is apparent that if volume 
receptors exist in these areas and are operative in the causation of sodium re- 
tention, they cannot be sensitive to the volume of blood as such. The barore- 
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ceptor which Love and his associates® locate within the thorax appears to have 
a greater influence on water excretion than on sodium and accordingly will be 
discussed subsequently. 

If there is a volume receptor mechanism operative in congestive heart failure 
ultimately causing the renal tubular cells to reabsorb increased quantities of 
sodium, the means by which the kidney is informed of the situation are entirely 
unknown. A humoral pathway seems quite possible. Indeed, aldosterone se- 
cretion has been shown to be increased in patients with congestive heart failure’ 
and in physiologic experiments aldosterone secretion increases in response to a 
contraction of the extracellular fluid volume.’ Consequently there is some appeal 
in integrating these several observations and suggesting that a decreased ‘‘ef- 
fective’? volume in a critical area of the body in patients with congestive heart 
failure results in aldosterone secretion which in turn causes diminished sodium 
excretion. This sequence seems to be a vast oversimplification in view of the 
fact that a decreased ‘‘effective’’ volume in some body area in congestive heart 
failure is conjectural and the precise importance of aldosterone in the renal ex- 
cretion of sodium in the normal as well as in abnormal states remains unclear 
at present.?** It is quite possible that sodium retention and increased aldo- 
sterone secretion both occur in congestive heart failure and bear no causal re- 
lationship to each other. 


WATER RETENTION (HYPONATREMIC EDEMA) 


Certain edematous patients with congestive heart failure in whom there is 
a large excess of total body sodium nevertheless have a low concentration of 
sodium in the extracellular fluid. Since sodium and its attendant anions are the 
preponderant solutes of this fluid, these patients also have a low total solute and 
osmotic concentration. Thus they have a relatively greater retention of water 
than of salt in their extracellular fluid, a situation which in normal man leads 
to an immediate inhibition of ADH release, the excretion of copious amounts of 
dilute urine, and the return of serum sodium and osmotic concentrations to the 
usual narrow limits encountered in health. A reduction of less than 5 mEq. 
per liter in serum sodium (10 mOsm. in total serum osmolality) accomplished 
by water ingestion or injection is sufficient completely to inhibit ADH _ release 
in normal man. The ensuing diuresis restores normal serum values within a 
few hours. The question therefore arises as to why these patients in question 
with serum sodium levels of less than 130 mEq. per liter and total osmolalities 
less than 265 mOsm. do not do likewise. 

Intrinsic Renal Limitation of Water Excretion.—One of the first among the 
possible mechanisms that come to mind to account for this absence of diuresis 
is that of an intrinsic renal defect in water excretion. This might derive from 
diminished glomerular filtration or from excessive back diffusion of water conse- 
quent to altered renal hemodynamics or to impaired renal tubular cell function. 

Glomerular filtration rate is often markedly impaired in patients with con- 
gestive heart failure. Berliner and Davidson® have clearly demonstrated that, 
in the water-loaded dog, reduction in glomerular filtration rate accomplished 
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by constriction of one renal artery leads not only to curtailment of diuresis but 
also to the excretion of urine from the involved kidney that may be modestly 
hypertonic to contemporaneous plasma. That ADH release is not involved is 
demonstrated by the fact that the contralateral kidney with an intact renal 
circulation continues to excrete copious amounts of dilute urine. Certainly 
such a mechanism might conceivably operate in the patients with congestive 
heart failure and hyponatremia under consideration. 

Another mechanism which might be involved in the water retention of these 
patients has recently been the subject of considerable speculation.!!** This 
concerns the magnitude of the “filtration fraction,”’ the proportion of the plasma 
water filtered by the glomerulus. The argument briefly is as follows: Normally 
20 per cent of the plasma water is filtered. This increases the colloid osmotic 
pressure of the plasma leaving the glomerular capillaries and entering the peri- 
tubular capillaries. In congestive heart failure the filtration fraction may be 
two or three times normal and thus the colloid osmotic pressure of the blood in 
the peritubular capillaries is abnormally high. This in turn leads to an increased 
reabsorption of water from the tubular lumina. 

A few comments are in order. First, the calculation of the filtration fraction 
requires an accurate determination of the effective renal plasma flow and of the 
filtration rate. Although the clearance of Diodrast or of p-aminohippurate at 
low plasma concentrations probably affords a reliable measure of the minimum 
amount of blood traversing renal tissue, it may grossly underestimate actual 
blood flow even if the extraction ratio has been determined by renal vein cathe- 
terization. This has been commented upon recently.” Thus the belief that 
the filtration fraction may be increased two or threefold in congestive heart 
failure requires consideration. Second, although there is no reason to doubt that 
the colloid osmotic pressure of the blood within capillaries is a potent force in 
the movement of water from the interstitial spaces into the capillaries, there is 
no evidence that this is a significant factor in causing the transport of water 
across the tubule cells from within the tubular lumina. 

A third possible mechanism involving an intrinsic renal defect in water 
excretion must also be considered. In order to excrete urine hypotonic to plasma, 
the cells in one or another portion of the tubular system (and certainly in the 
collecting ducts) must be at least partially impermeable to water; otherwise the 
urine would always be isosmotic with plasma. If the renal tubule cells suffer 
as so many other cells appear to in the presence of an inadequate circulation, it 
is conceivable that their permeability to water might be altered. No evidence 
is available on this point. 

Against any type of intrinsic renal limitation of water excretion as a sole 
etiologic factor leading to the continuing hyponatremia of these patients is the 
fact that most, although not all, of them do achieve at least modest diuresis 
when they are hydrated and their already low serum osmolality is further re- 
duced.77_ Furthermore, if the cause of the hyponatremia is the inability of the 
kidney to excrete water, the question must be raised as to why these patients 
ingest more water than is required to maintain body fluid osmolality in the 
normal range. This overingestion of water might be the result of habit, of medical 
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advice, or of thirst. If it is the result of thirst, then it is apparent that the stimu- 
lus to thirst cannot be hypertonicity of the body fluids since water restriction in 
these patients often leads to intolerable thirst, even though the serum osmolality 
remains well below the normal range. This observation also disposes of both 
habit and medical advice as causes of overhydration in these patients. 

Antidiuretic Hormone Release-~—\n normal man a continually fluctuating 
release of ADH serves homeostasis by regulating the renal tubular reabsorption 
of water in accord with the concurrent needs of the organism. Rarely is there 
complete suppression of ADH release save in experimental water loading, nor 
is there often released an amount sufficient for maximal water reabsorption. 
For the latter Lauson® estimated that less than one milliunit per minute was 
required, and perhaps no more than 0.3 mu. Studies by others® indicate that 
in the water-loaded subject (‘‘physiologic diabetes insipidus’’) there is a fairly 
simple logarithmic relationship between water reabsorption and vasopressin 
infusions at rates varying from 0 to 0.25 mu. per minute. 

It is to be emphasized that neither vasopressin injection nor endogenous 
ADH release can lead to hyponatremia unless the water intake is in excess of 
the needs of the organism, and, conversely, if the water intake is in excess then 
no large increase in ADH release is required to produce hyponatremia. If the 
water intake is such as to require 0.010 mu. of ADH release per minute to main- 
tain water balance, then there is the clear implication that the release of 0.011 
mu. per minute, other things remaining unchanged, would lead to a_ positive 
water balance and, eventually, to hyponatremia. 

Accordingly the numerous papers which purport to demonstrate large a- 
mounts of ADH in the urine in diseases associated with edema or oliguria must 
be viewed with caution. Critical examination of the many studies employing 
animals with intact neurohypophyseal systems for assay purposes*°’*!:55 suggests 
that we are beguiled by reproducible artefacts. There is no way of ascertaining 
whether the antidiuresis in the test animals was due to ADH in the urine being 
analyzed or whether other substances in the urine stimulated the release of ADH 
by the test animals. As far as we are aware no unequivocal demonstration of 
the existence of antidiuretic substances (other than ADH) which act directly 
on the renal tubular reabsorption of water has been made. 

ADH is released in response to an increase in the ‘‘effective’’ osmotic pres- 
sure of the extracellular fluid, to a decrease in the “‘effective’’ extracellular fluid 
volume (or some related factor) in some critical area of the body, and toa variety 
of physiologic stimuli, pharmacologic agents, and physiologically active sub- 
stances as well as to psychologic stimuli such as emotional disturbances or dis- 
comfort.®! The first of these, an increased osmotic pressure, can obviously be 
eliminated in the patients under discussion here. The second may now be con- 
sidered. 

Extracellular fluid volume deficit: There is now available a fairly large body 
of evidence indicating that the supraopticohypophyseal system is responsive to 
some factor or factors associated with a change in the volume of the extracellular 
fluid in some critical area of the body, an area tentatively located ‘‘cephalad”’ 
but not necessarily within the head.** Whether this factor is mechanical pressure 
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or stretch is not clear, nor is it certain whether it is the interstitial or the intra- 
vascular compartment that is chiefly involved. Evidence offered by others?’ ** 
suggests that there is a ‘“‘stretch receptor’’ located within the thoracic vascular 
tree. Love and his associates* believe that this system is responsive not to pres- 
sure or stretch per se, but to pulsatile stimulation, and suggest that in congestive 
heart failure, although the intrathoracic vessels are distended, the amplitude of 
pulsation may be decreased. Note may be made of the fact that the intracarotid 
baroreceptor appears to be relatively insensitive to pressure per se, as, for ex- 
ample, if it is encased in a plaster jacket, but is sensitive to pressure changes 
when free and subject to pulsation and stretch. The attractiveness of the hypo- 
thesis of Love and associates lies in the fact that in congestive heart failure there 
appears to be an excess of extracellular fluid throughout the body and an increase 
in the volume of fluid throughout at least the venous side of both major and 
minor circuits. 

Some light might be cast on the question as to whether or not hyponatremia 
in a given patient is the result of extracellular fluid volume deficit in a critical 
area by the response to strong salt solution. However, it must be emphasized 
that a strong salt infusion, although expanding total extracellular fluid volume 
by leading to the transfer of water from the cells to the extracellular fluid might 
nevertheless fail to correct the volume deficit in the critical area. When hypo- 
natremia is due to a loss of salt from the body and its replacement by plain water 
or by hypotonic solutions, and there is an over-all deficit in the volume of the 
extracellular fluid, thirst is clearly relieved by salt infusion as first noted by 
Thomas Latta‘! in 1832 in patients suffering from cholera and more recently 
demonstrated in experimentally depleted dogs.'!*4 On the other hand, if there 
is no extracellular fluid volume deficit or if it cannot be corrected in the critical 
area, then the administration of hypertonic salt should stimulate thirst and still 
further augment ADH release. The production of thirst, as noted in 7 of 11 
hyponatremic patients with congestive failure treated by strong salt infusion” 
has also been the usual response observed by us in similar patients as well as in 
many with cirrhosis of the liver and hyponatremia, even though serum sodium 
remained below the normal range after the infusion. 

However, there are occasional patients with congestive heart failure and 
hyponatremia who develop little or no thirst following salt imfusion, whose serum 
sodium concentration is not only elevated immediately but remains elevated, 
and who undergo diuresis. In such patients a volume deficit must be strongly 
suspected. 

Resetting’’ of the osmoreceptor system A syndrome designated as ‘“‘asymp- 
tomatic hyponatremia’™’ was encountered in 9 patients with advanced pulmonary 
tuberculosis and in one patient with miliary tuberculosis.°’ It has also been seen 
in tuberculous meningitis*! and bronchogenic carcinoma.*':** In general the pa- 
tients are seriously ill; 7 of the 10 patients of Sims and his colleagues®’ died 
within 1 to 5 months following admission to the hospital, and the mortality ap- 
pears to have been high in the other series. None of the patients evidence signs 
or symptoms associated with salt depletion and contraction of the volume of the 
extracellular fluid. Insofar as can be ascertained from the reports, water admin- 
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istration in such patients leads to diuresis and water restriction to a diminished 
urine flow. Two hypotheses have been offered concerning the mechanism of 
this syndrome. One is that there is a primary reduction in cellular osmotically 
active material®® and the second is that the underlying disease process induces 
in some manner a sustained, ‘‘inappropriate’’ secretion of ADH*!—inappropriate 
in the sense that the secretion is not in response to either hypertonicity or to a 
deficit in extracellular fluid volume. 

Earley and Sanders”! have studied the responses of a group of patients with 
decompensated cirrhosis of the liver and hypotonicity to further alteration in 
serum osmolality. They infused hypotonic hexose solutions, thus further lower- 
ing the already low serum solute concentration. Copious, dilute diuresis ensued. 
They then infused sufficient hypertonic saline solution to restore serum osmolality 
to its previous but low level. Urinary output was sharply curtailed and urine 
concentration rose to the control high level. After the initial priming hexose 
infusion, water intake was adjusted so that total body water remained constant. 
The effect of the strong salt solution, however, was to produce a still further 
expansion of the extracellular fluid volume (at the expense of contraction of the 
intracellular volume). There was thus no evidence to suggest that contraction 
of the extracellular fluid volume was responsible for the antidiuresis, nor that 
it was originally the factor leading to the hyponatremia. The authors suggest 
that the ‘‘set’’ of the osmoreceptor center had been lowered by some factor as- 
sociated with the liver disease, possibly primary cellular hypotonicity, but that 
the responses to further changes in extracellular fluid tonicity were entirely 
normal. It may be noted, as previously mentioned, that many patients with 
congestive heart failure and hyponatremia undergo diuresis when their already 
low serum osmolality is further reduced by water ingestion or infusion,”’ and 
thus behave in this regard in a fashion similar to patients with asymptomatic 
hyponatremia as well as those with cirrhosis studied by Earley and Sanders.*! 

It may be well at this point to emphasize the fact that increasing the osmotic 
pressure of the extracellular fluid by the addition of a solute to which the cells 
are freely permeable (such as urea) does not stimulate ADH release. Only the 
addition of solutes largely excluded from cells, such as sodium salts, sucrose, 
sorbitol, ete., produce this effect. Since such substances all have the common 
property of causing the transfer of water out of cells into the extracellular com- 
partment, it seems reasonable to conclude that they must cause water to leave 
the osmoreceptors and hence cause them to shrink. Although the osmoreceptors 
are not yet clearly identified, the brillant experiments of Verney” leave little 
doubt that they are located in an area which receives its blood supply from the 
internal carotid artery. It is thus conceivable that any factor which led to a 
diminution in the volume (and “‘stretch’’) of the osmoreceptors would likewise 
lead to ADH release. Such a factor might be a reduction in the amount of intra- 
cellular osmotically active material, resulting either from the “inactivation” or 
from the loss of osmotically active intracellular solutes. 

Osmotic inactivation of cell cation: The concept that a fraction of intra- 
cellular cation is normally osmotically inactive stems largely from the work of 
Elkinton, Winkler, and Danowski,?* who also advanced the hypothesis that the 
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magnitude of this fraction could vary rapidly under a variety of circumstances. 
This concept rests on the fact that a variety of procedures both in experimental 
animal studies and in man lead to a less negative external balance of sodium and 
potassium than would be predicted from the observed changes in serum concen- 
tration of these ions and in the calculated changes in total body water. The 
authors comment that, in the long run, activation and inactivation must balance 
one another and thus the predominant finding of inactivation regardless of ex- 
perimental procedure is disturbing. They suggest that it may be related to the 
general pattern of experimental design. Later, Squires, Crosley, and Elkinton™ 
studied 5 episodes of induced and one of spontaneous diuresis in patients with 
massive edema and congestive heart failure. In 17 balance periods, calculations 
indicated that intracellular cation became inactivated during diuresis in 14. 
However, inspection of the data reveals no apparent correlation between the 
magnitude of cation inactivation and the decrease in serum sodium level, thus 
failing to demonstrate that intracellular cation inactivation is an important 
factor in the development of hyponatremia. Walser and Orloff” found no evi- 
dence for osmotic reactivation of cell constituents when hyponatremia was cor- 
rected. In addition it may be noted that Wynn and Houghton*® were unable 
to find evidence for osmotic inactivation of cation in cases of posttraumatic 
hyponatremia, a situation in which this has been considered the prime mover. 
Furthermore, Edelman and his colleagues*® have presented evidence that all or 
almost all of body potassium is osmotically active even in situations when serum 
sodium and osmolality are reduced. Thus for the time being the concept that 
inactivation of intracellular cation plays a role in the water retention and hypo- 
tonicity encountered in congestive heart failure must be considered unproved, 
particularly since the experiments cited appear to show inactivation increasing 
with recovery from failure. 

Intracellular osmotic deficit: Edelman and his associates” point out that 
the ‘‘corrected”’ serum sodium concentration (corrected by expressing concen- 
tration as milliequivalents per liter of serum water and hence eliminating spuri- 
ously low serum sodium concentrations obtained when the lipid or lipoprotein 
content of serum is large) reflects the proportion of (Na. + K,) to total body 
water where Na, is total exchangeable sodium and k, is total exchangeable 
potassium as determined by isotope dilution and total body water is determined 
by heavy water (D.O) dilution. From this observation they offer the following 
classification of hyponatremic states: (1) primary sodium deficit, (2) primary 
potassium deficit, (3) primary water excess, and (4) combinations of (1), (2), 
and (3). 

Since the edematous patient with congestive heart failure and hyponatremia 
usually has a large surplus of sodium, we need not further consider a primary 
sodium deficit. However, studies by the same group of workers!'? as well as 
those of others indicate that exchangeable potassium is reduced in many cases 
of congestive heart failure as well as in other chronic illnesses with or without 
edema, and it has been suggested” that the influence of exchangeable potassium 
on serum sodium “‘is presumably a reflection of its contribution to intracellular 
osmolarity."’ The lack of a practical method for estimating body fat content 
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makes it difficult to decide whether the lowered body content of potassium is 
merely a reflection of a loss of cell mass or a decrease in the proportion of po- 
tassium to cell mass. 

However, Cort and Matthews have made most interesting and pertinent 
observations on 3 patients with congestive heart failure no longer responsive to 
mercurial diuretics who had serum sodium concentrations between 104 and 111 
mEq. per liter. In each, muscle analysis showed severe potassium depletion 
whether reference was made to fat-free dry solids or to total cell water—22.1, 
26.9, and 18.8 mEq. per 100 Gm. of the former and 66.6, 84.1, and 48.0 mEq. 
per liter of the latter compared to their normal values of 45.5 and 169.0, respec- 
tively. In the third and only surviving patient the administration of large a- 
mounts of potassium over a period of 7 weeks was followed by a rise in serum 
sodium to normal, the disappearance of edema and an increase in muscle po- 
tassium to 40.8 mEq. per 100 Gm. of fat-free dry solids and to 179 mEq. per 
liter of intracellular fluid. Stock, Mudge, and Nurnberg® analyzed muscle 
from 4 patients with congestive heart failure, 2 of whom had serum sodium con- 
centrations of 120 and 121 mEq. per liter at the time of biopsy. One of these 
had 33.7 mEq. of potassium per 100 Gm. of fat-free dry solids (compared to 
their normal of 41.3 mEq.). The other hyponatremic patient had a normal intra- 
cellular potassium. Further studies in this area are needed. Although Iseri 
and his associates*® found lowered muscle potassium in patients dead from con- 
gestive heart failure, the fact that potassium may leave cells rapidly after death 
partially vitiates this finding as well as the fact that in both the edematous pa- 
tients and the controls potassium content was referred to wet muscle weight. 
Waterhouse, Keutmann, and Fenninger™ in an abstract note that muscle po- 
tassium was reduced and sodium increased in a group of edematous subjects 
they studied, one of whom had congestive heart failure. 

Potassium balance studies on patients with congestive heart failure and low 
serum sodium are not numerous and for the most part are complicated by con- 
current diuretic therapy. The patient of Cort and Matthews" referred to pre- 
viously is estimated to have retained 800 to 900 mEq. of potassium during the 
7-week period of repletion. The 2 patients of Stock and his associates, afore- 
mentioned, who had low serum sodium were both in negative potassium and 
nitrogen balance, the former still negative when corrected for nitrogen. 

Studies made on patients with normal serum sodium under treatment for 
congestive heart failure are likewise complicated by diuretic therapy and dietary 
restriction. Both potassium loss in excess of nitrogen®*® and the converse®™ have 
frequently been noted. 

We may consider the sequence of events that might be anticipated if, as a 
concomitant of the metabolic disturbance of heart failure, intracellular potassium 
(and electrically equivalent anions, including glutamic and aspartic acids**) 
were to leave the cells and be lost from the body, whether by excretion in the 
urine or otherwise. Such a state must not be confused with a quantitative ex- 
change of intracellular potassium for extracellular sodium or its replacement 
by cationic amino acids, such as lysine and arginine®*°; under these circum- 
stances there would be no change in intracellular osmotic concentration. In 
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the former, intracellular osmolality would decrease.* This should lead to the 
movement of water out of the cells into the extracellular compartment in re- 
sponse to the osmotic gradient, reducing the osmolality of the extracellular fluid. 
At first glance, one might think that ADH release would be inhibited and the 
excess water excreted. But since it is not the osmotic pressure of the extracellular 
fluid per se which controls ADH release but rather its effect on the intracellular 
volume or stretch of the ‘‘osmoreceptors,’’ and since the loss of intracellular 
osmotically active material should reduce this volume, theoretically it might 
be anticipated that ADH release would be stimulated rather than diminished. 
Such release, not necessarily of great magnitude, nor even continuous, should 
serve to maintain the surplus water in the extracellular fluid and, in effect lead 
to a steady state at a new and lowered serum osmolality.+ It may be noted that 
the hypothesis suggested®® for asymptomatic hyponatremia (but without edema) 
is somewhat similar, a primary reduction in intracellular osmolality. 

The difference in behavior of brain (wherein the osmoreceptors are believed 
to be) and other tissues during experimental sodium depletion in the rat is of 
interest. It has been found’® that whereas all other tissues lost electrolyte and 
became overhydrated, brain gained sodium in sufficient quantity to compensate 
for the potassium loss and did not exhibit an increase in cellular hydration. 

It must be pointed out, of course, that something more than intracellular 
potassium deficiency must be involved in patients with hypotonic edema and 
as Cort and Matthews" noted: ‘A low intracellular potassium content or, for 
that matter, any intracellular electrolyte disturbance cannot be considered as 
an isolated abnormality. Potassium is bound in part to glycogen and protein 
within the muscle-cell, and an electrolyte abnormality will probably indicate 
a more widespread biochemical disorder. An intracellular potassium deficit 
will not ensure a rapid uptake of administered potassium by cells, and the absence 
of strongly positive balance immediately after the start of potassium therapy 
does not indicate the absence of intracellular potassium deficiency.” 

That more than a simple potassium deficit is involved in the pathogenesis 
of hypotonic edema is also indicated by a study*’ of the effect of large potassium 
chloride loads in hyponatremic, edematous patients with congestive heart failure. 
Although serum sodium levels increased temporarily, presumably by virtue of 
exchange of intracellular sodium for extracellular potassium, the serum potassium 
concentration rose to alarming levels, and diuresis did not ensue. There was no 
evidence presented to indicate that this procedure favorably altered the clinical 
course. Others" have also noted that potassium salts are excreted more slowly 
in patients with heart failure and their administration may lead to considerable 
elevation of the serum potassium concentration. 

In contrast to the patients discussed are those with more easily recognized 
types of potassium deficiency, in whom there is marked lowering of serum po- 
tassium concentration whereas serum sodium concentration remains normal. 


*To the extent that potassium is replaced by hydrogen ions, a reduction in intracellular osmolality 
might also be anticipated as the hydrogen ion became buffered intracellularly. 

+Elkinton and Squires?! have suggested that a similar chain of events as outlined here would follow 
the osmotic inactivation of cell cation. 
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Polyuria and isosthenuria are frequent, and characteristic histologic changes 
occur in the renal tubular epithelium. A positive balance commences promptly 
when potassium therapy is instituted, and internal balance calculations indicate 
that as potassium enters the cells, a nearly equivalent amount of sodium is lost 
by them.®» However, Cort and Matthews" found muscle sodium to be increased 
by only 11 mEq. per liter of cell water in the face of a more than 103 mEq. per liter 
potassium deficit in their congestive failure patients. In the one patient whose 
muscle was again analyzed after 7 weeks of repletion, a gain of 131 mEq. per liter 
of cell potassium was associated with a loss of only 18 mEq. per liter of cell sodium. 
It is obvious that, if, in more usual types of potassium deficiency, sodium enters 
cells as potassium is lost, intracellular osmolality should not be decreased nor 
intracellular volume diminished. 

The rarity with which hyponatremia is encountered in the untreated patient 
with congestive heart failure®:® deserves mention, although at the moment it 
defies analysis. Although dietary restriction of sodium intake and the employ- 
ment of mercurial diuretics are the common antecedent events in patients who 
develop hyponatremia, there is rarely evidence of a true deficit of body sodium 
but almost always the exact opposite—a considerable excess. Furthermore 
the condition has been observed to develop in the absence of a negative external 
balance of sodium during escape from digitalization, during acute intercurrent 
infection, and during progressive deterioration of myocardial function in the 
terminal phase of chronic congestive heart failure.”* The possibility that po- 
tassium loss due to diuretic therapy may play a role must be entertained, but 
evidence is scanty. 

“Inappropriate” release of antidiuretic hormone: In the preceding discussion, 
the supposed release of ADH, although not in response to the stimulus of body 
fluid hypertonicity, might be considered ‘‘appropriate’’ in the sense that it oc- 
curred in defense of extra- or intracellular fluid volume. There remains the possi- 
bility that in congestive heart failure, physiologic stimuli for the release of ADH 
might arise as a result of some factor not concerned with the defense of body 
fluid volume or tonicity. It has been reported that the substance originally 
termed VDM_ (vasodepressor material) is found in increased concentration in 
the hepatic vein blood of patients with congestive heart failure.“® This material, 
now identified as ferritin,’ is a powerful stimulus to ADH release.’ Love and 
his associates* have suggested that the distention of intrathoracic vessels in 
congestive heart failure leads to a diminished amplitude of pulsation in these 
vessels. This in turn they suggest inhibits the normal response of the volume 
receptors which they locate therein. 

Schwartz and his colleagues** in discussing the hyponatremia occurring in 
their 2 patients with bronchogenic cancer suggested that the stimulus to ‘‘in- 
appropriate’’ ADH release might have arisen by virtue of a direct effect of the 
mediastinal tumor on some intrathoracic structure—or alternatively brain dis- 
ease served to produce continued ADH release. Both of these hypotheses de- 
mand consideration in congestive heart failure as well. 

Antidiuretic hormone inactivation: The mechanism by which injected vaso- 
pressin, or endogenously released ADH disappears from the body remains un- 
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certain. Some at least appears to be excreted in the urine. Whether the re- 
mainder is destroyed in various sites, or loses its effect upon exerting its direct 
action upon the renal tubules, or both is not known. The term inactivation is 
used here to include the total of all processes which result in a reduction in the 
amount of antidiuretic material. The rapidity of this process can be estimated 
by ascertaining the time required for maximal diuresis to occur following water 
loading. White, Rubin, and Leiter77? demonstrated that this time interval in 
patients with congestive heart failure and hyponatremia was no different from 
that observed in norma! subjects and therefore concluded that there was no 
delay in the inactivation of endogenously released ADH. They also demon- 
strated that the time interval to maximal diuresis in water-loaded subjects who 
received vasopressin injection was the same for normal subjects and those with 
congestive heart failure and hence concluded that there was no delay in the 
inactivation of exogenous hormone. 

These data appear to afford rather satisfactory evidence against the concept 
of delayed or faulty ADH inactivation in congestive heart failure. The concept 
of impaired inactivation (the congested liver has been implicated as the site of 
faulty inactivation) in addition suffers from another major defect—it fails to 
explain why ADH is released in these patients whose extracellular fluid has a 
lower than normal osmotic pressure. 

The effect of alcohol administration: Ethyl alcohol is a powerful inhibitor 
of ADH release, producing in normal subjects a diuresis similar to that occurring 
after water ingestion.*” It has been reported‘? that one patient in refractory 
congestive failure excreting a concentrated urine in the presence of low serum 
sodium and osmolality underwent diuresis following alcohol administration but 
others*® failed to observe diuresis in 3 of 4 similar patients. Further studies 
are clearly needed. 


CONCLUDING REMARKS 


The volume of the body fluids, so closely guarded in health, suffers serious 
distortion in chronic congestive heart failure. The failure of the kidney to excrete 
the surplus sodium which man continually ingests in food and drink leads to an 
excess of body sodium and secondarily to the retention of water in defense of 
body fluid composition. As has been suggested in the past, this expansion of 
the extracellular fluid volume may be viewed teleologically as a means of increas- 
ing the volume of the circulating fluid, when, because the heart is failing as a 
pump, stimuli arise suggesting an insufficiency of blood volume. If cardiac 
efficiency can be improved by this process, the result is beneficial to the organism. 
However, if the heart cannot increase its output in response to the increased 
volume, this ‘“‘homeostatic’” mechanism may lead to disability and, when the 
additional fluid accumulates in the lungs, to disaster. 

While many factors may stimulate the renal retention of salt in congestive 
heart failure, information concerning them is so fragmentary as to defy the elabo- 
ration of a simple conceptual scheme. Our present state of knowledge permits 
us only to suggest that a decreased volume of blood or of extracellular fluid in 
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some critical area of the body may exist in chronic congestive heart failure, al- 
though evidence for this is slight indeed. Argument has been advanced both for 
a receptor system responding to decreased arterial filling on the one hand or to di- 
minished pulsatile stimulation within the distended intrathoracic venous channels 
on the other. Such or other volume-sensitive mechanisms may be important in 
heart failure, but substantial evidence is wanting; furthermore the pathways by 
which such mechanisms might signal the kidney remain undefined. 

The osmotic concentration of the body fluids, also guarded zealously in 
health, may on occasion suffer distortion in congestive heart failure, particularly 
in the treated patient. The occurrence of a large decrease in the concentration 
of sodium in the serum (reflecting a diminished osmolality of all the body fluids), 
in association with an expansion of the extracellular fluid volume, constitutes 
an ominous manifestation in heart failure. It could come about as a result of 


primary sodium depletion, of primary water excess, or of a ‘resetting’ of the 
osmoreceptor system. If depletion is the cause, then the administration of strong 
salt solution need not lead to inordinate thirst and should be followed by clinical 
improvement. If an excessive water intake is responsible, water restriction will 


not engender thirst and should benefit the patient. 

More often than not, however, attempts at repletion of sodium or depletion 
of water are to no avail, whereas improving myocardial function by a little more 
or a little less digitalis or decreasing the demands on the circulation by controlling 
activity more rigidly or effectively combatting infection or thyrotoxicosis are 
followed by improvement. This suggests that these patients with congestive 
heart failure, edema, and hyponatremia are suffering from an altered ‘‘set’’ of 
the mechanism that controls ADH release and the one (if different) that controls 
the sense of thirst. Whether this is a consequence of stimuli, arising from con- 
gestive heart failure per se, from the metabolic consequences of heart failure, 
from some other process, or from a deficit in intracellular osmotically active 
solutes is not clear. 

Any combination of these three types of process leading to hyponatremia 
may be encountered in clinical situations. Under these circumstances partial 
benefit may accrue from treatment with strong salt solution, or by water re- 
striction, or both. Although the history can furnish important clues, clinical 
trial may be unavoidable. In general, however, it is apparent that measures 
to improve the function of the heart are more important than attempts to correct 
the hyponatremia. 
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HEN cardiac dilatation and hypertrophy are no longer capable of main- 

taining adequate cardiac output, extracardiac compensations must be 
evoked to provide sufficient blood flow to the tissues. One of these compensations 
is represented by changes in glomerular and tubular function, resulting in renal 
retention of sodium and water with corresponding increase in blood volume and 
venous return. Lately, much thought has been given to the possible nature of 
the stimuli evoking the small but decisive changes in tubular handling of sodium 


and water. 
The present study attempts to collect and assess the data available on anti- 


natriuretic and antidiuretic hormone activity in congestive failure, and to evaluate 
the role of these factors in the production of hypervolemia and edema. 


ENDOCRINE FACTORS INFLUENCING EXCRETION OF SODIUM 


Antinatriuresis is accomplished by facultative reabsorption of sodium in 
the distal tubules. The physiologic control of this process has been ascribed 
to the adrenal cortex. Among the adrenal steroids detected in human blood, 
cortisol, cortiscosterone, and aldosterone have been shown to induce sodium- 
retaining and/or sodium-excreting effects, depending on steroid structure, se- 
cretion rate, dose and duration of application, residual secretory pattern of 
the adrenal cortex, and conditioning factors still undefined. The characteri- 
zation of aldosterone as the most powerful of the adrenocortical sodium-retaining 
steroids, and as the only steroid excreted in inverse proportion to sodium under 
various normal and abnormal circumstances, led to the tentative belief that 
aldosterone may represent the physiologic adrenocortical effector of tubular 
antinatriuresis. 

The Adrenocortical Antinatriuretic System.—Observations in patients with 
Addison’s disease suggest that aldosterone activates tubular reabsorption of 
sodium in exchange for secreted potassium, and, possibly, hydrogen ions.*.?75! 
Cellular retention of sodium and loss of potassium in primary"? and second- 
ary*® ‘7 aldosteronism indicates that this cation exchange might be a generalized 
effect of the steroid. On the basis of these observations, the theory has been 
constructed that aldosterone, like other adrenal steroids, may modify the action 


Because of limitation of space, only a fraction of the relevant literature is cited in this review. 
Additional references will be found in the original publications and reviews. 
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of carrier mechanisms performing cation transfer at cell membranes or the perme- 
ability of the latter. However, the absence of tubular and cellular effects in 
normal individuals treated with physiologic doses (< 0.5 mg. per day) of aldo- 
sterone,‘’ the occurrence of orthostatic antinatriuresis not explainable by de- 
creased glomerular filtration alone in patients with Addison’s disease,®® and the 
lack of correlation between urinary aldosterone and urinary sodium in normal 
pregnancy and acute hepatitis,?°*5.:7° or during drastic changes in sodium supply, 
suggest that: (a) the action of aldosterone upon tubular and cellular membranes 
might be ‘‘permissive’’> or dependent on the presence of conditioning and/or 
the absence of counteracting factors, among the latter, possibly, natriuretic 
steroids” *°:®; and (b) tubular antinatriuresis can be promoted by other factors 
besides aldosterone (this will be discussed later in connection with abnormal 
sodium retention in congestive failure). 

The structure of the aldosterone-regulating mechanism is still undefined. 
On the basis of the data available, changes in some “‘effective’’ intravascular 
volume,‘'? mediated by volume receptors of controversial location,'7:'5°> and 
changes in the Na/K ratio®*** of body fluids in some unknown receptor area 
have been claimed to control aldosterone secretion.'* A central representation 
of the aldosterone-regulating system, possibly in the diencephalon, is believed 
to mediate impulses from peripheral receptors to the adrenal cortex by unknown 
internuntials of neural or humoral nature.!>° 

Recent studies carried out in our laboratory provide support for both the 
theories presented. They indicate that changes in some function of intravascular 
volume, probably in the peripheral blood reservoir, evoke changes in cellular 
electrolyte composition and hydration, which in return may stimulate or inhibit 
aldosterone secretion. Using erythrocytes as a cellular model, observations in 
normal individuals following blood loss, severe dehydration, or orthostatic collapse 
have demonstrated the following sequence of events: reduction of circulating 
intravascular volume — transfer of cellular sodium and water to the extracellular 
fluid — decrease in cellular Na/K ratio — rise in aldosterone excretion — tubular 
and cellular retention of sodium and water — restoration of normal intracellular 
Na/K ratio — fall in aldosterone excretion. An identical response pattern could 
be evoked by reduction of intracellular Na/K*®* through short periods of sodium 
restriction; there is an inverse response through expansion of intravascular 
volume or by sodium loads.** By tentatively equating the rate of excretion 
of aldosterone* to the rate of secretion of the hormone, the theory may be of- 
fered that aldosterone secretion depends—partly or mainly—on some intra- 
cellular or intra/extracellular electrolyte equilibrium, which is influenced in 
turn by aldosterone in the manner of a feedback mechanism. This concept 
will prove useful in the later attempts to understand the pathogenesis of aldo- 
steronism in congestive failure. It does not exclude the emergency function of 
stretch receptors, somewhere in the atria or in the arterial tree, which may signal 


*Due to present limitations in methodology, aldosterone studies in human beings are obliged to 
accept aldosterone excretion as circumstantial evidence for aldosterone secretion. The difficulty in 
interpreting values for urinary aldosterone will be discussed in connection with the factors which may 
be responsible for aldosteronuria in congestive failure. 
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acute or severe changes in intravascular volume to the adrenal cortex through 


unknown pathways. 

Aldosterone Excretion in Congestive Failure.—Since the pioneer work of 
Luetscher’s group,':>***7 a considerable amount of data has been accumulated 
on the excretion of aldosterone in congestive failure.1634:40:41,57,69,70 
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Fig. 1.—Urinary aldosterone and urinary sodium in normal adults and patients with generalized 
heart failure before, during, and after treatment with digitalis in presence or absence of sodium re- 
striction. O—without edema; @©—little or moderate edema; @®—severe edema; @©—edema and as- 
cites; ©@—following abdominal paracentesis; M M O—following administration of diuretics. 
I—Normal adults on a normal] diet (100 to 200 mval Na per day). 
II—Normal adults on moderate sodium restriction (50 to 70 mval Na per day). 
I]I—Untreated hydropic heart patients on a normal diet (100 to 200 mval Na per day). 
IV—Hydropic heart patients treated with digitalis, diuretics, and moderate sodium restriction 
(50 to 70 mval Na per day). 
V—Hydropic heart patients treated with digitalis on a normal diet (100 to 200 mval Na per day). 
VI—Recompensated heart patients on moderate sodium restriction (50 to 70 mval Na per day). 
VII—Recompensated heart patients on a free diet (100 to 200 mval Na per day). 
mval—milliequivalents. 


These data favor the assumption that an increased amount of aldosterone 
is present in the urine of most patients with untreated generalized congestive 
failure who retain sodium and water (Fig. 1). In a minority of patients, how- 
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ever, urinary aldosterone was found normal despite marked peripheral edema.*°:*? 
Some of these patients presented severe chronic hydrops, reduction or absence 
of urinary 17-hydroxycorticosteroids,”?* and marked retention of sodium despite 
normal aldosterone excretion. Atrophy of the adrenal cortex, common in the 
final stages of congestive failure, might offer an explanation for this urinary steroid 
pattern. Another minority showed normal excretion of aldosterone and sodium 
in the presence of edema and even ascites. This may represent a situation where 
a transitory equilibrium was established between the reduced myocardial ca- 
pacity and renal, circulatory, and environmental adjustments. 

Further evidence suggests that the elevated aldosterone excretion begins 
to fall when improvement of myocardial function and mobilization of edema is 
achieved by cardiotonic measures. Following recompensation, aldosterone 
excretion may be expected to be within the normal range as long as an adequate 
cardiac output is maintained (Fig. 1). In summary, urinary aldosterone in 
congestive failure appears to fluctuate in close parallel with deterioration or 
improvement of cardiac performance, provided adrenocortical function is not 
impaired and interfering effects of sodium restriction are absent (Fig. 2). 
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Fig. 2.—Urinary aldosterone, urinary sodium, diuresis, body weight, and venous pressure during 
deterioration or improvement of cardiac performance in generalized congestive failure. 

Different response patterns, showing rise as well as fall in urinary aldosterone, 
can be expected when cardiotonic therapy is supplemented by severe dietary 
sodium restriction, cation exchange resins, or diuretics.**:*°® Forced diuresis 
must alter blood volume and venous return, depending on the ratio between 
renal loss of sodium and water and influx of edema fluid from the interstitial 
space. The changes in venous return may increase or decrease cardiac output, 
depending on the effect of the resulting chamber load upon myocardial per- 
formance. Thus, the individual response of aldosterone excretion to forced 
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diuresis in congestive failure may simply reflect the individual response of cardio- 
vascular hemodynamics. Identically, in an overloaded failing heart, reduction 
of venous return by phlebotomy may improve cardiac output and permit both 
a fall in aldosterone activity and a renal release of sodium and water,’ for ex- 
ample, a response opposite to that observed in presence of a normal heart (Fig. 2). 
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Fig. 3.—Urinary aldosterone and urinary sodium in normal adults and in patients with left-sided 
sided or right-sided heart failure on a normal diet (100 to 200 mval Na per day). (Symbols as in Fig. 

I—Normal adults. 

II—Patients with isolated left-sided failure. 

III—Patients with isolated right-sided failure. 

Fig. 4.—Endocrine volume regulation and renal function in a patient with cardiac cirrhosis during 
acute formation of ascites following abdominal paracentesis (10 L.). » » —actual plasma ADH; 
IlI11I—plasma ADH calculated from effective serum osmolarity; AP—-Abdominal paracentesis. 


There is further evidence suggesting that in isolated left-sided failure, 
aldosterone excretion is within or little above the normal range®’:”° and begins 
to rise only when increasing strain on the right side leads to generalized failure 
(Fig. 3). In isolated right-sided failure, on the other hand, increase in urinary 
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aldosterone can generally be expected.®7" This agrees with the clinical experi- 
ence that marked renal retention of fluid is seen in right-sided or generalized 
failure, whereas patients with isolated left-sided failure are generally capable 
of excreting loads of sodium and water. Excessive amounts of aldosterone have 
been found in the urine of patients with ascitic cardiac cirrhosis, when abdominal 
paracentesis resulted in acute reaccumulation of ascites.®’7° It seems interesting 
to note the coincidence between rise in aldosterone excretion and fall in plasma 
volume following the rapid transudation of intravascular fluid into the peritoneal 
cavity (Fig. 4). 

Possible Effects of Aldosteronism in Congestive Fatlure.—Few attempts exist 
so far to define the role of aldosterone in the pathogenesis of the abnormal sodium 
retention. By plotting urinary aldosterone against urinary sodium of heart 
patients, a negative correlation resulted,'® suggesting a causal rather than an 
incidental relationship (Fig. 5). When aldosterone excretion, sodium excretion, 
and glomerular filtration rate were subjected to statistical analysis,"' the regres- 
sion from urinary sodium to urinary aldosterone was impressively strong, and 
the regression from urinary sodium to glomerular filtration rate rather weak. 
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dug/min Nat 
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Fig. 5.—Urinary aldosterone and urinary sodium in patients with cardiac or circulatory failure. 
(Symbols as in Fig. 1.) The second /0 in the abscissa represents 100; the third, 1,000. @® — second to 
seventh day following myocardial infarction. 


Studies on renal function during acute formation of ascites indicate that in 
the presence of high aldosterone activity maximal sodium retention can be ef- 
fected by tubular work despite simultaneous increase in glomerular filtration 
(Fig. 4). Removal of the adrenal glands in dogs with experimental heart failure 
prevents retention of sodium and formation of edema." These findings favor 
the conclusion that aldosterone is necessary for the development of sodium re- 
tention in congestive failure and that the effect of increased aldosterone activity 
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in respect to this sodium retention is much greater than that of decreased glo- 
merular filtration. Such assumptions, however, must be accepted with reser- 
vations. The coincidence of low urinary sodium and normal urinary aldosterone 
in some cardiac patients, mentioned above, suggests that moderate sodium re- 
tention can be produced by changes in glomerular and tubular function inde- 
pendent of aldosterone. There is further need to clarify the nature and compara- 
tive action of other factors supposed to promote tubular retention of sodium. 
Among these must be discussed: (a) local circulatory factors,’ such as fall in 
renal arterial perfusion pressure,®® rise in renal venous pressure,’ and other 
changes in the intrarenal distribution of blood* which may stimulate tubular 
sodium reabsorption; (b) metabolic changes in the tubular cells, which may alter 
the responsiveness to aldosterone or the activity of enzymes or transport systems 
involved in the reabsorption of sodium; (c) decreased activity of hypothetical 
natriuretic factors”* and steroids such as cortisol, cortisone, or progesterone, 
which have been shown to promote sodium excretion in the presence of high 
aldosterone activity®’**.*%-41.8 by competition for sodium on the tubular level*°.** 
or inhibition of aldosterone secretion.?!*!| As yet undefined, in respect to sodium 
retention, is the possible significance of low urinary 17-hydroxycorticosteroids, 
common in advanced congestive failure.2® Therefore, actual sodium retention 
in congestive failure must represent the summation of various sodium-retaining 
stimuli on the glomerular and tubular level. 


TABLET. STATISTICAL ANALYSIS OF FACTORS CONTRIBUTING TO SODIUM RETENTION IN CONGESTIVE 
HEART FAILURE 


CORRELATION (n = 30) 


Aldosterone excretion: sodium excretion 

Glomerular filtration rate: sodium excretion 

Aldosterone excretion: glomerular filtration rate 

Aldosterone excretion + glomerular filtration rate: 
sodium excretion 


If the theory is valid that aldosterone activates sodium reabsorption 
exchange for secreted potassium and hydrogen ions, chronic sodium retention 
due to increased aldosterone activity must eventually lead to potassium de- 
pletion. In chronic congestive failure, however, the clinical evidence is con- 
trasting. No relationship has been found between the amounts of aldosterone 
and potassium present in the urine,*!° and the relatively small renal losses of 
potassium, if not exaggerated by the action of diuretics, can only be detected 
by balance studies or by determination of exchangeable potassium. The expla- 
nation has been offered that lowered glomerular filtration and excessive sodium- 
for-hydrogen exchange in the higher portions of the distal tubules may result 
in a lack of available sodium in the lower parts, where sodium-for-potassium 
exchange is believed to occur.* 

Cellular retention of sodium and loss of potassium in congestive failure with 
high aldosterone activity*® closely resembles the intracellular electrolyte pattern 
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found in primary aldosteronism"™:®’ or in Addison’s disease when treated with 
high doses of aldosterone?’ (Fig. 6). Parallel fluctuation between aldosterone 
excretion and cellular Na/K ratio‘ in cardiac patients suggests that the latter 
changes may depend on the action of aldosterone. This, however, cannot be 
the only and invariable cause, since cation transfer through cellular membranes 
reflects the summation of physiochemical equilibria and active transport mecha- 
nisms, which in turn are influenced by numerous metabolic, neural, and hormonal 
stimull. 

Factors Evoking Aldosteronuria tn Congestive Fatlure-—The data presented 
suggest that aldosterone excretion rises when the heart begins to fail. This 
phenomenon, theoretically, could be the consequence of the following factors. 
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Fig. 6.—Erythrocyte sodium and potassium in normal adults (J) and edematous patients (IJ). 


1. Changes in the renal handling of aldosterone: Physiclogic considerations 
as well as experimental data permit the conclusion that variations in glomerular 
filtration induce parallel changes, while variations in tubular reabsorption evoke 
opposite changes, in the excretory rate of aldosterone”® and other steroids.” 
Elevated aldosterone excretion, despite lowered glomerular filtration of the degree 
observed in congestive failure, suggests an increased pool size of the steroid in 
the body, provided tubular reabsorption of steroid remains normal or does not 
decrease. 

2. Changes in the hepatic metabolism of aldosterone: Liver tissue inactivates 
aldosterone as well as other steroids by formation of degradation products and 
conjugates. Impaired liver function is reflected by changes in the excretory 
pattern of free and conjugated steroid fractions” which, in turn, could simulate 
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an increase in aldosterone secretion. Studies on the comparative excretion of 
free aldosterone and the A,-3-ketone conjugate of the hormone show that the 
excretory pattern in congestive failure resembled the normal pattern rather 
than that found in liver cirrhosis or acute hepatitis’? (Fig. 7). This supports 
the tentative assumption that increased secretion of aldosterone rather than 
impaired conjugation due to hepatic congestion may account for the increased 
pool size of the steroid in congestive failure. 

3. Changes in the secretion of aldosterone: If aldosteronuria in congestive 
failure is, at least in part, the consequence of increased aldosterone secretion, 
how does the failing heart activate the adrenal cortex? 


the question arises: 
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Fig. 7.—Excretion of free and conjugated aldosterone in normal adults (J) and patients with 
congestive heart failure (77), liver cirrhosis (III), and acute hepatitis (JV). @—free aldosterone; 
o— A;-3-ketone conjugate of aldosterone. 


Comparative studies on cardiovascular and adrenocortical function in pa- 
tients with congestive failure®’ indicate that aldosterone excretion fluctuates 
in parallel with venous pressure (Fig. 8). However, when the study was ex- 
tended to patients with circulatory failure resulting from myocardial infarction 
or hypovolemic shock, or to normal individuals during orthostatic collapse, 
high aldosterone excretion was found in the presence of normal venous pressure. 
In the light of these observations, it seems improbable that volume changes in 
certain segments of the venous system represent the stimuli evoking aldostero- 
nism. A closer, negative correlation was found between cardiac output and the 
amount of aldosterone in the urine.*® Still, there is reason to believe that this 
relationship is valid only in cases of low output. If normal individuals perform- 
ing muscular work and patients with arteriovenous fistula or with high output 
failure of different origin were included in this study, high urinary aldosterone 
could be expected in the presence of low as well as of high cardiac output.7:!7 
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These considerations raise substantial doubt as to whether changes in the volume 
and pressure relations in arterial segments near the heart, signaled to the adrenal 
cortex by receptors in the vascular wall,'*°’ represent the stimuli which are being 
sought. 

There seems to be stronger, if indirect, evidence that these stimuli are of 
metabolic nature. In low output failure, decreased filling of the arterial tree!’ 
must result in a disproportion between the metabolic needs of the tissues and the 
peripheral blood supply. In high output failure, a similar situation must origi- 
nate when the heart, despite its enlarged output, no longer satisfies the excessive 
demands of the tissues for blood. Therefore, we favor the theory that aldostero- 
nism in heart failure is the consequence of a generalized disturbance in cellular 
metabolism resulting from inadequate peripheral blood flow and acting upon 


some undefined receptor area. This would be in accordance with the evidence 


cited that inadequate vascular volume produces changes in cellular electrolyte 
composition and hydration which, in return, evoke increased aldosterone ac- 
tivity. These observations do not permit any choice of the ‘‘effective’’ metabolic 
disturbance in congestive failure. Measurable changes in cellular electrolyte 
pattern, hydration, and pH, and in the oxygen content of mixed venous blood 
may represent signals of the unknown “‘effective’’ disturbance rather than the 


stimuli themselves. 
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Fig. 8.—Venous pressure and urinary aldosterone in heart patients. (Symbols as in Figs. 1 and 5.) 


It has been suggested that cellular retention of sodium and loss of potassium 
is, at least in part, the consequence of increased aldosterone activity. In normal 
individuals, increase in the cellular ratio of Na/K is followed by a decrease in 
urinary aldosterone to lower or normal levels.** In severe congestive failure, 
however, aldosterone excretion remains elevated over a long period despite 
marked increase in cellular Na/K ratio. This is to be expected since aldosterone- 
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induced retention of sodium and water per se could not normalize the disturbed 
cardiovascular hemodynamics, that is, the underlying cause of the metabolic 
disorders evoking aldosteronism. 


ENDOCRINE FACTORS INFLUENCING EXCRETION OF WATER 


Antidiuresis is executed by facultative reabsorption of osmotically free 
water in the distal tubules (second phase) and in a lower portion of the nephron, 
possibly the collecting tubules (third phase).** The physiologic control of the 
second phase is attributed to the antidiuretic hormone (ADH) of the neuro- 
hypophysis. 

The Neurohypophyseal Antidiuretic System.—It is generally accepted that 
absence of ADH in diabetes insipidus results in a loss of osmotically-free water 
expressed by the production of a dilute urine, and that injection of Pitressin 
causes retention of osmotically free water expressed by the production of a con- 
centrated urine. However, evidence has been collected that, despite low or 
absent ADH activity, a urine can be produced in which the total concentration 
of solutes exceeds that in the plasma.*:* Although derived from unusual experi- 
mental conditions, this observation confirms the existence of an ADH-independent 
antidiuretic mechanism in the lower nephron, which must be reconsidered in the 
final evaluation of the role of ADH in pathologic water retention. 

It is further accepted that changes in the tonicity of extracellular fluid repre- 
sent the principal stimuli for the secretion of ADH. But experimental data 
suggest that acute or severe changes in intravascular volume, or some function 
of these changes, could alter ADH activity independent of extracellular osmotic 
concentration. Transmission of these stimuli to the neurohypophysis 
has been attributed to stretch receptors located in the left atrium* or in some 
undefined segments of the arterial tree.°*:* Activation of the neurohypophysis 
is ascribed to a variety of chemical, neural, emotional, and environmental sti- 
muli.°°**! Thus, actual ADH activity is likely to reflect the central summation 
of different excitory and inhibitory stimull. 

ADH Activity in Congestive Heart Failure.—The role of ADH in the formation 
of cardiac edema has been obscured for considerable time by conflicting reports 
on normal, increased, or decreased ADH activity in the urine or plasma of cardiac 
Responsiveness to antidiuretic substances other than 
ADH (ferritin, 5-hydroxytryptamine, oxytocic hormone) and to emotional 
stimuli promoting ADH secretion has given rise to objections against most assays 
using warm-blooded test animals.**' However, when a new technique using 
toads,*:* insensitive to these influences, was employed, the plasma ADH activity 
detected in cardiac patients still showed considerable variations and no parallel 
to the extent of edema or hepatic congestion present at the same time.’ The 
pathophysiologic significance of these findings will be discussed later. 

Possible Effects of ADH in Congestive Heart Failure-—Comparative studies 
on plasma ADH and tubular function, limited to very short periods of obser- 
vation, were carried out in heart patients in attempt to assess the role of ADH 
in the production of abnormal water retention.* When the osmotic V/p ratio 
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the clearance of osmolar (Co.m) and free (Cx,0) water or their product (Co m#,0) 
and urine volume per minute were used as indices of tubular concentrating activity, 
no acceptable correlation resulted, except a loose negative regression from log 
urine volume per minute to log plasma ADH. This correlation, however, in- 
cludes a variety of other factors influencing urine volume, such as glomerular 
filtration rate, prcximal tubular reabsorption (first phase), osmotic load of the 
glomerular filtrate, reabsorption in the collecting tubules (third phase), and 
possible changes in the sensitivity of the distal tubules to ADH. 

Furthermore, consideration must be given to the observation that dogs 
with diabetes insipidus, when subjected to vena cava constriction, accumulate 
ascitic fluid at the same rate as controls with intact neurohypophysis.” 

These observations emphasize that increased ADH activity, absent in many 
hydropic heart patients, cannot be the principal cause of abnormal water re- 
tention, and that the actual water retention in congestive failure represents 
the summation of various osmotic, circulatory, metabolic, and hormonal factors 
to inhibit water excretion. 

Factors Controlling Antidiuretic Activity in Congestive Failure-—Impaired 
inactivation of ADH in the congested liver has been accused as a possible cause 
of increased ADH activity in hydropic heart failure. This seems improbable 
in view of the mentioned lack of parallelism between ADH activity and degree 
of hepatic congestion, and the demonstration of normal degradation of ADH in 
liver cirrhosis. 

Presence of normal or low plasma ADH in heart patients with very low 
glomerular filtration rate and detection of high plasma ADH in heart patients 
with normal glomerular filtration rate® indicate that changes in the renal handling 
of ADH could not be the principal cause of the cited variations in the plasma 
level of ADH. These must result, at least in part, from variations in the secretory 
activity of the neurohypophysis, which could be the consequence of the following 


factors. 

1. Intermittent action of osmotic stimuli: If extracellular tonicity repre- 
sents the principal stimulus for ADH secretion, high ADH activity might be 
expected in heart patients with high sodium-retaining activity and low ADH 
activity in patients with low sodium-retaining activity. This assumption has 
been confirmed by demonstration of a close positive correlation between ADH 
activity and “‘effective’’ serum osmolarity,®* that is, the osmotic concentration 
of solutes, nondiffusable between the extra- and intracellular phase (Fig. 9). 
This correlation proved valid in most patients with congestive failure, as well 
as in hydrated or nonhydrated normals, provided acute or severe changes in 
intravascular volume were absent. On the basis of these data, the variations 
in plasma ADH activity must be interpreted as adjustments of the water-con- 
serving ADH mechanism to the individual sodium-retaining activity. 

2. Changes in the sensitivity of the osmoreceptors: In certain cases of con- 
gestive failure, very low serum sodium and very low effective serum osmolarity 
suggest that water is retained in excess of sodium. The clinical picture closely 
resembles the effects of continuous administration of long-acting Pitressin to 
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patients with congestive failure, and suggests ADH secretion disproportionate 
to the osmotic stimuli. It is not possible at present to decide whether this could 
result from some resetting in the osmoreceptor-pituitary response mechanism or 
from action of stimuli other than osmotic. 

3. Heterogenous nature of stimuli: Acute reduction of plasma volume 
following abdominal paracentesis in cardiac cirrhosis and acute expansion of 
plasma volume due to excessive mobilization of edema have been shown to raise 
or lower ADH activity independent of the effective serum osmolarity present.*:® 
This suggests that in certain states of heart failure, volume stimuli may replace 
osmotic stimuli in the control of ADH secretion. Thus, redistribution of blood 
with excessive reduction of arterial volume might provoke ADH secretion dis- 
proportionate to extracellular tonicity and produce the low sodium syndrome 
occasionally found in advanced congestive failure. Because of the numerous 
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Fig. 9.—Plasma ADH activity and effective serum osmolarity in heart patients with and without 
edema. — — — standard deviation of the regression found in normal individuals; --—-— regression 
found in heart patients. 
central connections in the posterior pituitary, ADH secretion in heart patients 
could be evoked by many other stimuli,’ ®*:* such as changes in the oxygen con- 
tent of arterial blood, vasodepressor material liberated in the congested liver, 
increased amounts of circulating cholinergic substances, vagal stimulation, and 
emotional stress. However, the close parallel between plasma ADH and effective 
serum osmolarity, present in most patients with hydropic heart disease, suggests 
that the various stimuli cited are mostly absent or of very short duration, or 
neutralized by central summation, and that ADH secretion in cardiac patients 
is generally induced by osmotic excitation. 


INTERACTION OF ALDOSTERONE AND ADH IN VOLUME REGULATION 
AND EDEMA FORMATION 

Aldosterone and ADH are believed to represent endocrine effectors in the 
antinatriuretic and antidiuretic systems, active in the control of extracellular 
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and intravascular volume. Evidence cited in this review suggests that (1) se- 
cretion of aldosterone and ADH can be activated independently of each other 
by decrease in arterial volume, or some function of this decrease, but that (2) in 
general the ADH mechanism adapts itself to the present level of sodium-retaining 
activity and operates in such a way that the osmotic concentration of extra- 
cellular fluid is maintained normal. 

Thus, the normal integration of aldosterone and ADH in fluid conservation 
could be characterized by the following sequence of events: decreased filling 
of the arterial tree — activation of aldosterone secretion by cellular metabolic 
changes and/or excitation of vascular volume receptors ~ tubular retention 
of sodium — rise in effective extracellular osmolarity — activation of ADH 
secretion — tubular retention of sodium ~ correction of the volume defect 


(Fig. 10). 
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Fig. 10.—Possible interaction of aldosterone and ADH in volume regulation. 2CR—intracellular 
receptor sensitive to metabolic changes, possibly in the ratio Na/K. 


This response pattern is conditioned and modified by numerous synergistic 
or antagonistic factors of hormonal, metabolic, circulatory, or neural nature, 
acting on different levels of the system. It represents the endocrine portion of 
the complex fluid-conserving mechanism, basically designed to protect the body 
against hypovolemia and dehydration. 

When the heart begins to fail and peripheral blood supply becomes in- 
adequate, intrarenal blood distribution, glomerular filtration rate, aldosterone 
and ADH activity and other factors influencing tubular function are modified 
in such a way that fluid retention and venous hypervolemia result. Serving 
these ends, the action of aldosterone and ADH may be integrated in the outlined 
pattern, provided acute changes in plasma volume or alterations in the osmo- 
receptor-pituitary relationship are absent. However, the failing heart is not 
capable of translating the increased venous return into an adequate cardiac 
output, as the normal heart would. This must lead to an increasing redistri- 
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bution of blood from the arterial to the venous side, and persistence of the stimuli 
provoking renal retention of sodium and water. When, finally, venous capillary 
pressure becomes disproportionate to colloid-osmotic and arterial capillary pres- 
sure, fluid accumulates in the interstitial space and becomes visible in the form 
of edema. Increasing body weight and overload of the heart chambers must 
cause further deterioration in cardiac performance and enhance aldosteronism 
and sodium retention, forming a vicious circle, which is reversible by physical 
rest and digitalis rather than by treatment with diuretics. 
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THE ROLE OF THE KIDNEY IN THE HOMEOSTATIC ADJUSTMENTS 
OF CONGESTIVE HEART FAILURE 
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The regulating system which determines a homeostatic state may comprise 
a number of cooperating factors brought into action at the same time or suc- 


cessively.! 


RANK congestive heart failure is the end stage of a progressive process which 
begins with myocardial or valvular impairment, but soon involves not only 
the entire vascular system but other systems as well. The physiologic alterations 
of this late stage of the disease have been studied extensively, but the early 
changes have received relatively little attention. The initial extracardiac changes 
may well be of a reflex, homeostatic nature tending to restore the circulatory 
system toward normal. These early changes are so subtle and small that they 
are difficult to detect, particularly if the experiments are not designed to stress 
the patient. Moreover, as Landis? has pointed out, most of the studies in pa- 
tients have been carefully restricted by design to the comforting constancy of 
a basal state. In addition, because of the long life history of the disease it is 
not feasible to do sequential detailed studies in the same individuals from the 
time cardiac abnormalities are first detected to the terminal stages of the disease. 
The difficulties of studying early changes in man led to the development of 
techniques for producing valvular damage of graded severity in dogs.** With 
such preparations the peak competence of the cardiovascular and renal systems 
can be tested seriatim in the same animal at each stage of the downhill course. 
This has enabled us to follow the early changes under controlled conditions. 
Frank congestive failure, with cardiac enlargement, high venous pressure, low 
fixed cardiac output, ascites, and edema, can be produced in these dogs by super- 
imposing pulmonary stenosis upon tricuspid insufficiency (Fig. 1), but studies 
made at this late stage contribute less to the understanding of the pathogenesis 
of the syndrome than do observations in the animals with milder degrees of 
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cardiac incompetence. From observations made early in the disease it has be- 
come increasingly apparent that the autonomic nervous system may play an 
important role in the early cardiovascular-renal adjustments. 

If basal cardiac output is measured in a dog following recovery from the 
surgical production of mild valvular damage, little or no alteration from normal 
may be apparent. For example, tricuspid insufficiency creates a common cham- 
ber of the right ventricle and right atrium, and right atrial pressure rises to ven- 
tricular levels. Mean atrial pressure may be elevated to 9 to 12 em. H,O, or a 
pressure approximately equal to normal femoral venous pressure of the dog. 


CONOTF 


Fig. 1.—A, Dog with right-sided congestive heart failure (tricuspid insufficiency and pulmonary 
stenosis) with ascites and edema. B, Cardiac enlargement in a dog with right-sided failure (coyote) as 
compared with a normal dog (Missy) of same size and weight. (Republished by permission of the 
Transactions of the Association of American Physicians.) 


Without circulatory adjustment, the venous gradient for atrial filling would be 
nearly zero and cardiac output would be correspondingly low. However, pe- 
ripheral venous pressure rises until the venous gradient is restored to normal 
with a central venous pressure of 9 to 12 cm. H.O and a peripheral venous pres- 
sure of 14 to 18 cm. Resting cardiac output may now fall in the normal range. 
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Since the veins are so freely distensible, the rise of pressure on the venous side 
of the circulation would result in a redistribution of blood with a greater per- 
centage of blood volume on the venous side and reduced filling on the arterial 
side. However, as other studies have shown, plasma volume,’ extracellular 
fluid volume,® and venous tone’ increase. With these readjustments, the filling 
of the arterial side of the vascular tree is probably restored toward normal. 
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Fig. 2.—Mean right atrial and inferior vena caval pressures of a dog exercising on the treadmill. 
A, (lower, solid lines) Normal dog. B, (middle, broken lines) Same dog following recovery from tri- 
cuspid valve avulsion. C, (top, dotted lines) Same dog following subsequent pulmonary stenosis and 
the development of frank failure. Aur = Mean right atrial pressure in mm. H»O. IVC = Mean pres- 
sure at bifurcation of inferior vena cava. 


Despite these adjustments exercise reveals that recovery is only partial. 
Venous pressure gradients and cardiac output have been measured in the same 
animals during graded exercise on the treadmill, first in the normal state, then 
with tricuspid insufficiency, and finally with superimposed pulmonary stenosis 
and frank failure. Fig. 2 indicates that, as the intensity of exercise increased in 
the normal animal, right atrial pressure (measured against atmospheric pressure) 
fell as intrathoracic pressure fell, whereas peripheral venous pressure rose. There 
was a peak gradient of 20 to 25 cm. H.O. In the presence of tricuspid insuf- 
ficiency, right atrial pressure was 9 cm. at rest and inferior vena cava pressure 
was 12.5 cm., with a normal resting gradient. As the intensity of exercise in- 
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creased, right atrial pressure rose slightly. Peripheral venous pressure rose to 
a greater extent and the gradient thus increased. However, the maximum gra- 
dient was considerably less than that obtained in the same animal in the normal 
state. With the superimposition of pulmonary stenosis, right atrial pressure 
at rest was elevated to 25 cm., with a considerably reduced venous gradient. 
During exercise the gradient did not increase and the animal collapsed on the 
treadmill at a very low work load. 

Cardiac output was measured in the same dogs by the direct Fick method. 
As can be seen in Fig. 3, cardiac output at rest and during exercise in the various 
stages of cardiac impairment may be correlated with the venous gradient. Thus, 
the dog with mild valvular damage (tricuspid insufficiency) had a fairly normal 
cardiac output at rest as a result of circulatory adjustments, and also had a 
normal response of cardiac output to mild exercise. As the intensity of exercise 
increased, however, the peak cardiac output and the peak venous gradient were 
both below normal. The animal in frank failure had such severe cardiac damage 
that cardiac output at rest was low. During exercise neither the venous gradient 
nor the cardiac output were elevated significantly. 
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Fig. 3.—Cardiac output (direct Fick) during graded treadmill exercise in the same dog (A) in the 
normal] state (solid line), (B) with tricuspid insufficiency (broken line), and (C) with superimposed 
pulmonary stenosis (dotted line). 


Among the secondary or compensatory changes observed in the dogs with 
tricuspid insufficiency were an increase in plasma volume and an increase in 
total exchangeable sodium. These observations indicated some degree of sodium 
retention by the kidney at an early stage of cardiac impairment. The increased 
total body sodium was verified by balance studies,® and digitalization produced 
a prompt diuresis. The sodium retention following tricuspid avulsion was small 
and did not progress to frank ascites and edema. Once equilibrium was re- 
established at a higher total body sodium, the animals remained in sodium and 
water balance indefinitely (Fig. 4). However, even in this new steady state the 
use of techniques which tested peak capacity for excretion of sodium and water 
consistently demonstrated reduced excretion of sodium and water in dogs with 
tricuspid insufficiency.’ For example, when 500 ml. of saline was infused intra- 
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venously into a normal animal over a 10-minute period (Fig. 5), 25 to 40 per 
cent of the infused sodium was excreted in the first hour and 75 to 100 per cent 
in 8 hours. When a similar infusion was given to the same dog after recovery 
from the surgical production of tricuspid insufficiency (right atrial pressure 12 
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Fig. 4.—Comparison of cumulative sodium balance and total exchangeable sodium in (A) normal 
dog, (B) same dog after tricuspid insufficiency and (C) after superimposed pulmonary stenosis and the 
development of frank congestive failure. (Reproduced by permission of the American Journal of Phys- 
iology.®) 
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Fig. 5.—Cumulative excretion of sodium in the same dog (mean and range) after intravenous 
infusion of 500 ml. of isotonic saline given from —10 minutes to 0. Top curve: normal control (3 ob- 
servations). Middle curve: after tricuspid insufficiency (3 observations). Lower curve: after combined 
tricuspid insufficiency and pulmonary stenosis with the development of congestive failure (4 observa- 
tions). (Reproduced by permission of the American Journal of Physiology.’) 
to 13 cm. H,O), only 10 per cent of the sodium was excreted in the first hour 
and 30 to 60 per cent in 8 hours. With superimposed pulmonary stenosis and 
the development of frank failure (right atrial pressure 31 cm. H,O), the excretion 


of sodium barely rose above the basal rate for the entire 8-hour period. 
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The mechanism of acute and chronic sodium retention was investigated 
initially by the use of clearance techniques. It was found that even in the dog 
with frank failure, with ascites and edema, basal glomerular filtration rate could 
be normal (Fig. 6). Only with deterioration of the clinical condition of the animal 
in failure did glomerular filtration rate fall significantly. Moreover, in 3 of the 5 
dogs with tricuspid insufficiency shown in Fig. 6 (Dogs 2, 4, and 5), the ability 
to excrete an intravenous load of sodium was reduced to approximately 50 per 
cent of normal in the presence of a rise of basal glomerular filtration rate. Such 
studies suggested that increased tubular reabsorption of sodium was of con- 
siderable importance in the sodium retention of congestive heart failure. How- 
ever, as is well known, the problem of dissociating glomerular from tubular 
factors in sodium retention has been a difficult one. 
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Fig. 6.—Basal glomerular filtration rate (Cc,r), renal plasma flow (Cpaun) and filtration fraction 
(Cc,r/Cpan) in the same 5 dogs, (A) normal] state, (B) after tricuspid insufficiency, and (C) after super- 
imposition of pulmonary stenosis and the development of frank failure. 


In order to obtain further information regarding tubular reabsorption of 
sodium in congestive heart failure, methods have been developed in this labo- 
ratory® for chronic catheterization of one renal artery and collection of urine 
from each kidney separately. These techniques afford an opportunity to study 
the effects of various solutions injected directly into one kidney of the trained, 
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unanesthetized dog. Many complicating extrarenal factors are thus excluded. 
Thus, when a hypertonic solution of sodium chloride (3.5 per cent) was injected 
into one kidney of a normal dog, the sodium excretion from that kidney rose 
many fold, with little or no change in sodium excretion from the opposite kidney 
(Fig. 7). Furthermore, the increased excretion of sodium occurred without 
change in the creatinine and para-aminohippurate clearances. On the other 
hand, a similar unilateral intrarenal infusion did not affect the rate of sodium 
excretion in a dog with frank congestive failure.'° This was true even though 
glomerular filtration rate was normal and the filtered load of sodium was in- 
creased. Such experiments offer strong evidence for the view that a major renal 
abnormality in congestive failure is the increased tubular reabsorption of sodium. 
Available evidence is insufficient to localize the defect to either the proximal 
or distal tubule. 
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Fig. 7.—Effect of unilateral intrarenal artery infusion of hypertonic saline (3.5 per cent) on sodium 
excretion and urine flow in (A) normal unanesthetized dog and (B) in unanesthetized dog with con- 
gestive heart failure. (Reproduced by permission of Metabolism."°) 


Although basal glomerular filtration rate remains normal" in dogs with 
progressive cardiac damage, renal plasma flow usually falls even with mild valvu- 
lar damage and may be as low as 50 per cent of normal in the animal with frank 
failure (Fig. 6). Interestingly, pulmonary valvular insufficiency alone, a lesion 
which produces no rise in right atrial pressure even during strenuous exercise! 
may lead to a reduction of renal plasma flow of 15 to 20 per cent with a 25 per 
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cent reduction in the ability to excrete an intravenous load of saline.’ The re- 
duced renal plasma flow, without a concomitant decrease in glomerular filtration 
rate, indicated that the filtration fraction (Ccr/Cpan) was rising progressively 
in each of the 5 dogs referred to in Fig. 6, and reached values of 0.40 or more in 
the dogs in severe failure. Such a filtration fraction suggests an abnormally 
high colloid osmotic pressure in the first portion of the peritubular capillaries. 
On the basis of such observations, it was suggested several years ago!’ that this 
osmotic force in the peritubular capillaries may play an important role in the 
proximal tubular reabsorption of the glomerular filtrate. Recently Malvin and 
Wilde™ on the basis of stop-flow analyses suggested that sodium and water trans- 
port out of the proximal tubules may be a passive process initiated by the col- 
loidal osmotic pressure difference which exists between the intratubular urine 
and the peritubular capillary blood. 

The role of the renal nerves in the regulation of sodium and water balance 
is still a controversial subject, although several attempts have been made to 
delineate their function in the fluid retention of congestive heart failure.’ The 
availability of normal dogs and dogs with valvular lesions with chronic cathe- 
terization of one renal artery has enabled us to re-examine the role of the renal 
nerves in cardiac failure. Since 1-norepinephrine is thought to be the principal 
neurohumoral mediator released by the sympathetic nerves, this substance was 
infused intrarenally in a normal, unanesthetized dog in the Pavlov stand. Such 
an infusion at the rate of 1 mcg. per minute or less produced an ipsilateral re- 
duction in sodium excretion. Changes in glomerular filtration rate and renal 
plasma flow were variable, but there was usually a decrease in renal plasma flow. 
Several adrenergic blocking agents were then assayed for their ability to block the 
effect of intrarenal norepinephrine. Dibenzyline, which is known to antagonize 
the effects of both circulating and locally liberated epinephrine and norepineph- 
rine, reversed the effect of norepinephrine on sodium excretion when infused 
simultaneously.'* Such a dose of Dibenzyline had little effect on sodium ex- 
cretion when infused alone into the renal artery of the normal dog in the Pavlov 
stand. In contrast, when Dibenzyline was infused under the same conditions 
into the renal artery of a dog with chronic tricuspid insufficiency, a unilateral 
increase in sodium and water excretion of 50 to 100 per cent was observed, indi- 
cating a definite increase in sympathetic tone in this early stage of cardiac im- 
pairment (Fig. 8). Hexamethonium, a ganglion-blocking agent, produced a 
smaller, unilateral rise in sodium and water excretion when infused intrarenally 
over a wide dosage range (Fig. 9). 

When Dibenzyline was infused intrarenally in the dog in frank failure, a 
marked unilateral increase in sodium and water was produced in the reclining 
animal. The effectiveness of the same dose of Dibenzyline was greatly reduced 
in the upright dog in the Pavlov stand, suggesting further increase of sympathetic 
activity in this position at this stage of the disease. Higher rates of infusion of 
Dibenzyline produced nausea and cardiac irregularities and data therefore are 
not available regarding the dose necessary to block completely the renal adren- 
ergic activity in the dog with frank failure in the Pavlov stand. 
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The postural changes in sodium and water excretion seen in the dog with 
congestive failure are similar to those observed in man. Moreover, even in the 
normal dog the rate of sodium and water excretion after an intravenous load 
of saline may be 25 to 50 per cent lower in the Pavlov stand than in the reclining 
position. The efficacy of bed rest in promoting diuresis in patients with con- 
gestive heart failure has been well established. The observations with intrarenal 
Dibenzyline in the dog in frank failure in the reclining and standing positions 
now afford a clearer explanation for the effects of bed rest on sodium excretion 
in the edematous patient. 
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Fig. 8.—-Effect of left renal artery (LRA) infusion of Dibenzyline on sodium, potassium, and water 
excretion, glomerular filtration rate (Cc,) and renal plasma flow (Cpan) in a dog with:tricuspid insuf- 
ficiency. Differences between the left and right kidney are indicated by cross-hatching and solid black. 
Dibenzyline (1.3 mg.) infused at rate of 0.25 ml. minute between arrows. 


The demonstration of increased sympathicoadrenal activity on the kidney 
in valvular heart disease poses the question of the nature of the initiating mecha- 
nism. Sodium retention is found in a number of diverse conditions in which 
there is a reduction in effective circulating blood volume and in which there is 
a tendency toward a decrease in arterial pressure (e.g., hemorrhage, tilting, etc.). 
Under such conditions carotid sinus activity is decreased leading to reflex vaso- 
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constriction and a restoration of blood pressure toward normal. It was therefore 
suggested several years ago that the carotid sinus reflex may play an important 
role in the sodium retention of congestive heart failure.!? Recent experiments 
in this laboratory have indicated that lowering the pressure in the carotid sinus 
does lead to a decrease in sodium excretion," a decrease which, in preliminary 
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Fig. 9.—Effect of left renal artery (LRA) infusion of Hexamethonium and Dibenzyline on sodium, 
potassium, and water excretion in a dog with tricuspid insufficiency. Hexamethonium (4.0 mg.) infused 
between first and second arrows; Hexamethonium (5.0 mg.) plus Dibenzyline (3.0 mg.) between second 
and third arrows: Dibenzyline (2.0 mg.) between third and fourth arrows. Differences between left and 
right kidney indicated by cross-hatching and solid black. 
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Number 5 


experiments, has been blocked by intrarenal Dibenzyline. Thus, blood pressure 


may tend to fall with cardiac impairment, leading to a decreased rate of firing 
of the carotid sinus and aortic arch nerves and a reflex increase in sympathetic 
activity, resulting in decreased sodium excretion. 

The role of aldosterone in the fluid retention of congestive heart failure still 
remains to be clarified. Direct intrarenal infusion of aldosterone in the adrenal- 
ectomized dog does produce unilateral antinatriuresis, but such an effect cannot 
be demonstrated in the normal dog with intact adrenals.!* However, recent 
experiments"! have demonstrated that intrarenal aldosterone produces a uni- 
lateral antinatriuresis in dogs with tricuspid insufficiency. The decrease in 
sodium excretion is quantitatively similar to the effect seen in the adrenalecto- 
mized dog. In view of this surprising similarity in response of the adrenalecto- 
mized dog and the dog with valvular damage, it is interesting to compare such 
animals in other regards. For example, both the adrenalectomized animal and 
the dog with heart disease show a reduced renal response to water and saline 
loading. Hyponatremia is often a problem in patients with severe edema, and 
a diuresis may be promoted by glucocorticoids when other diuretic agents are 
no longer efficacious. Perhaps one of the renal abnormalities in congestive failure 
is the inability to maintain a concentration or dilution gradient in the medulla 
similar to the defect described by Guinnelbault and Morel'® in the adrenalecto- 
mized animal. The inference might be made that the animal with valvular heart 
disease has relative adrenal insufficiency, but as Deane and Barger’ have re- 
ported, hypertrophy of the zona glomerulosa of the adrenal cortex, the site of 
aldosterone production,'* is observed early in heart disease. Hyperaldosteronuria 
is frequently observed in frank failure. Recently, Davis, Kliman, Yankopoulos, 
and Peterson!’ reported increased aldosterone levels in adrenal vein blood 30 
minutes after caval constriction, with no significant change in secretion of gluco- 
corticoids. Whether such an imbalance between glucocorticoid and mineralo- 
corticoid production could be a factor in the renal changes observed in failure 
is not known. 

The early hypertrophy of the zona glomerulosa may also add evidence for 
the importance of the carotid sinus reflex in the regulation of fluid volume. Thirty 
years ago Goormaghtigh and Elaut?® described similar hypertrophy of the zona 
glomerulosa following denervation of the carotid sinus and aortic arch, a finding 
which has been verified by a number of subsequent workers.*!. Such a denerva- 
tion would produce a reflex effect similar to a marked decrease in carotid sinus 
pressure. The baroreceptors may well be a factor, then, in the regulation of the 
mineralocorticoid activity of the adrenal gland as well as the sympathicomedullary 
function. Thus, ina dual fashion, the carotid sinus reflex may play an important 
role in both the nervous and hormonal adjustments of fluid volume. 


SUMMARY 


Although the role of the autonomic nervous system in the reflex regulation 
of the circulation has long been known, until recently little attention has been 
focused on the increased sympathetic activity of patients with progressive cardiac 
disease. Furthermore, preoccupation with the late stages of the disease has 
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tended to obscure the evidence that changes in salt and water metabolism are 
present in heart disease long before overt signs of failure. In recent years a 
considerable body of data has been accumulated concerning the role of the adrenal 
cortex in fluid and water balance in congestive heart failure, but little information 
has been available regarding the role of the nervous system in the regulation of 
fluid volume. Data obtained in dogs with progressive valvular damage offer 
evidence that changes of a nervous reflex nature occur early in heart disease 
and may play a major role in the fluid accumulation of congestive heart failure. 
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THE HEART IN MALNUTRITION AND IN POTASSIUM DEFICIENCY 


CHESTER S. KEEFER, M.D., From The Evans Memorial Hospital 


Boston, Mass (Received for publication Feb. 9, 1959) 


OME years ago, when I was a member of the staff of the Peking Union Medical 

College, | had the opportunity to observe a group of patients in whom heart 
failure was associated with nutritional deficiency. These cases were described 
as beriberi heart disease.!. The characteristic features were that young men who 
had subsisted upon a limited and monotonous type of diet, usually consisting 
of wheat, boiled rice, and vegetables, would begin to complain of palpitation, 
edema, and shortness of breath on exertion. In most instances, these symptoms 
would appear insidiously and without warning, after 1 to 4 years of the mo- 
notonous diet. 

Edema of the extremities, and often the face, preceded the onset of dyspnea 
and palpitation. The palpitation was most striking upon mild exertion but was 
often present at rest. In some instances, deep-seated calf pain preceded the 
appearance of edema. Early in the course of the illness, for example, at the 
stage of edema of the legs, the notable features were a tachycardia at rest, a 
normal blood pressure, and a lack of conspicuous changes in either peripheral 
vessels or peripheral pulsations. The heart was moderately enlarged in its trans- 
verse diameter and the apex beat was diffuse but not forceful. Not infrequently 
there was a systolic murmur over the pulmonary area with a distinct pulmonary 
second sound. At this stage of the illness there were no other signs of cardiac 
insufficiency, the lungs being clear and the liver not palpable. 

As the disorder progressed, all of these features became exaggerated and the 
edema increased. This was especially striking when the patients remained active. 
The liver would then enlarge, and nausea and vomiting might appear. At this 
time, the striking features were tachycardia, warm skin, increased pulsations 
of the peripheral blood vessels of the neck and extremities, a collapsing type of 
radial pulse, and capillary pulsations. The sounds over the brachial and femoral 
arteries were abnormally loud. In short, there were the peripheral signs of pe- 
ripheral arterial and arteriolar dilatation. 

The systemic blood pressure at rest was either normal or abnormally high. 
In some instances, there was a wide pulse pressure arising from a combination 
of a considerable increase in systolic and a slight decrease in diastolic pressure. 
All of these peripheral signs and changes in blood pressure were aggravated by 
mild exertion. 
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Examination invariably revealed a normal sinus tachycardia and an increase 
in the transverse diameter of the heart. Systolic murmurs were audible over 
the mitral and pulmonary areas. The liver was frequently enlarged, the legs 
were swollen, and there was occasionally a small pleural effusion. 

X-ray examination disclosed the enlarged heart, as well as prominent vascu- 
lar shadows, attributable to engorged pulmonary vessels and the superior vena 
cava, respectively. The electrocardiograms were usually normal. 

A most striking and important characteristic of this disorder was the exag- 
geration of symptoms and signs on moderate exertion, and their rapid regression 
during rest. In response to bed rest and a ‘liberal, yeast-supplemented diet, 
recovery was generally rapid; edema and tachycardia disappeared first over a 
5- to 7-day period. If treatment was deferred because of failure to recognize 
the nature of the heart failure, edema would persist for a longer period. As the 
edema disappeared, there was a corresponding loss of weight. The blood pressure 
and heart size usually returned to normal over a period of 14 to 21 days. In 
contrast to the dramatic results obtained with yeast supplements, and later 
with thiamine, digitalis was ineffective in either relieving edema or slowing the 
heart. 

Recent demonstrations of acute and paroxysmal hypertension in rice-eating 
pearl divers of the Persian Gulf? are reminiscent of the hypertension of oriental 
beriberi. In both groups of subjects, exercise and food deficiency appear to play 
major pathogenetic roles. 

Occidental beriberi was described by Blankenhorn and co-workers.* Their 
patients were all chronic alcohol addicts with signs of congestive heart failure. 
Some had the peripheral signs of high output failure but, in most instances, these 
features were lacking. The criteria used for the diagnosis in these patients were 
the history of chronic alcoholism, a diet deficient in foods containing thiamine 
for at least 3 months, and the presence of other evidence for nutritional failure, 
such as neuritis or pellagra. The onset of heart failure was either sudden or 
gradual and while the response to thiamine was usually not dramatic, relief of 
heart failure was striking in a few. 

A third form of heart disease, also designated as beriberi heart disease, was 
described by Dock.‘ These patients manifested marked cardiac hypertrophy, 
mural thrombosis of the ventricles, and chronic congestive heart failure. In 
these patients, as in those of Weiss and Wilkins,° the striking point in the history 
was the protracted use of alcoholic beverages. 

While there are certain clinical differences between so-called oriental and 
occidental beriberi heart disease, the common denominator is food deficiency. 
In most instances, the prompt response to rest and the administration of thiamine 
leaves little doubt that thiamine deficiency is involved. However, in a few, with 
a similar clinical picture, the response is slow and not dramatic; it is in these 
cases that new information is needed. 

A recent outstanding monograph, by Follis,® on deficiency disease describes 
in detail the anatomic and functional changes that result in mammals from a 
lack of essential nutrients. Follis calls attention once again to the fact that 
naturally occurring deficiency states in man are rarely if ever single. Moreover, 
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he describes in great detail the many anatomic and ‘‘biochemical lesions’ of 
deficiency disease. It is particularly pertinent to the present discussion to recall 
that heart muscle may be the site of anatomic change when there are subtle 
deficiencies of other essential substances, such as calcium, potassium, sodium, 
thiamine, tryptophane, and vitamins A and C. 


THE ‘‘BERIBERI’’ HEART 


Under the designation of beriberi heart disease, then, several groups of cases 
have been described and defined. 


There are the cases of classical oriental beriberi heart disease in which con- 
gestive heart failure is observed in young, active persons who have lived upon 
a limited and restricted diet consisting mainly of rice and a few vegetables. Then 
there are the cases which were studied extensively in this country by Weiss and 
Wilkins,» and Blankenhorn and others.* These were chronic alcoholics, with 
or without liver disease, pellagra, or neuritis, who developed chronic congestive 
heart failure not unlike those cases observed in the Orient but differing in some 
details. Finally, there are the cases which were so beautifully described by 
Dock in which there were marked cardiac hypertrophy and thromboses in the 
ventricles in patients with nutritional deficiency. 


Two other forms of heart disease have been described in association with 
nutritional deficiencies, both from South Africa or Central Africa (Uganda).? 

The first group of cases resembled the cases described by Dock in this country 
in that there was malnutrition, chronic generalized edema, an enlarged heart, 
and mural thrombosis. The enlarged heart was associated with a hypokinetic 
circulation and gallop rhythm, and the electrocardiogram showed no specific 
changes. Plasma proteins were normal. When the patients were placed upon 
an adequate diet, improvement generally occurred, although in some instances 
the process was irreversible. Some of these patients also showed other mani- 
festations of malnutrition, such as peripheral neuritis, pellagra, testicular atrophy, 
gynecomastia, and enlargement of the parotid glands. 

A second group has been described as being endomyocardial fibrosis. [In 
these cases there is cardiac enlargement with mural thrombosis, interstitial 
edema and fibrosis, and cardiac muscular fiber hypertrophy. These cases have 
been discussed and discriminated from the endocardial fibroelastosis observed 
in this country by Thomas and others.*-"! 


HY POPROTEINEMIA 


When edema is associated with hypoproteinemia, it may be confused with 
the edema of thiamine deficiency or ‘‘beriberi’’ heart diseases; in fact, the two 
may coexist. 

Protein depletion and hypoalbuminemia are associated with a wide variety 
of tissue changes. These have been reviewed extensively by Follis, and include 
hunger edema, pellagra syndrome, black tongue syndrome, kwashiorkor, and 
nutritional liver diseases. All tissues participate in these depletions. The prob- 
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lem of sorting out the specific cause of tissue changes in these states is highly 
complex and remains unsolved. It is important, however, to remember that 
practically no tissue escapes alteration from normal when protein intake is in- 
adequate and that protein deficiency rarely stands alone. 

Patients with hypoproteinemic edema and no other signs of congestive 
heart failure usually have a history of protracted restriction of their diet or ex- 
cessive loss of protein. There may be either a history, or manifest evidence, of 
diarrhea. The heart may be normal in size or slightly enlarged and show left 
ventricular enlargement by x-ray or left ventricular preponderance by electro- 
cardiogram. The pulse rate is usually normal. There are neither the peripheral 
signs of high output failure, nor of peripheral neuritis. The serum albumin is 
low. Of particular interest is the abnormally low basal metabolic rate; this 
changes in a striking manner during the period of recovery or following protein 
feeding, often going from minus to plus and then remaining elevated for 4 to 6 
weeks or longer. 

These patients respond to digitalis or thiamine only after their protein intake 
has been increased. When chronic congestive heart failure is complicated by 
hypoalbuminemia of other causes, restoration of the blood proteins to normal 
may be followed by relief of the heart failure. Finally, when chronic congestive 
failure is associated with chronic alcoholism and cirrhosis of the liver, the use of 
thiamine and a diet adequate in protein may be helpful in alleviating the heart 
failure. However, this type of heart failure is, for causes that are unknown, 
often irreversible. 


POTASSIUM DEFICIENCY 


Potassium deficiency may exist in patients with congestive heart failure 
as a result of many causes, but particularly as a result of treatment with diuretics 
or as a by-product of intrinsic renal disease. It may seriously alter the structure 
and function of the heart, the kidney, and the neuromuscular system. It also 
affects the treatment of congestive heart failure since it may potentiate the action 
of digitalis to the point of toxicity. 

Harrison, Pilcher, and Ewing” pointed out that the potassium content of 
both skeletal and cardiac muscle was less in patients with heart disease who died 
in congestive heart failure than those dying without edema. They postulated 
that the loss of potassium from heart muscle constituted a physicochemical 
factor in the production of ‘‘cardiac fatigue.”’ 

Then Follis® directed attention to the fact that cardiac lesions identical 
with those observed in thiamine deficiency in animals could be produced with 
potassium deficiency. But, what was most puzzling was the fact that a simul- 
taneous deficiency of thiamine and potassium caused no detectable cardiac 
lesions. 

Clinical Features of Potassium Deficiency.—The clinical features of potassium 
deficiency are not specific but leading and suggestive signs are related to three 


systems: the neuromuscular, the cardiovascular, and the renal. 
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Neuromuscular signs: The outstanding and characteristic feature of ad- 
vanced potassium deficiency is the development of muscular weakness which 
is often profound and progresses to paralysis and sometimes death from paralysis 
of the muscles of respiration. There is associated nausea, mental confusion, 
irritability, and abdominal distention due in part to paralytic ileus and in part 
to abdominal muscular weakness and paralysis. The reflexes are lost, as is motor 
power, and gasping respirations or ‘‘fish mouth’ breathing may be conspicuous 
due to weakness or paralysis of muscles of respiration. 

Cardiac signs: The cardiac signs of potassium deficiency are of two types, 
electrocardiographic signs and arrhythmias. 

The electrocardiographic signs suggesting potassium deficiency are lowering, 
flattening, or even inversion of the T waves, depression of the RS-T segment, 
lengthening of the Q-T interval, and the appearance of broader and taller U waves 
and occasionally first degree heart block and tall sharp P waves. 

The arrhythmias that may suggest potassium deficiency, especially when 
patients have been taking digitalis, are nodal rhythm and _ supraventricular 
tachycardia with varying degrees of atrioventricular block or auricular flutter. 


The important point to remember here is that the electrocardiogram may 
suggest potassium deficiency when the serum potassium is normal or, conversely, 
that the electrocardiogram may remain normal even though the serum potassium 
is abnormally low. Only occasionally do parallel changes occur in serum con- 
centrations of potassium and the electrocardiogram. 

“Renal” signs: According to Relman and Schwartz," potassium deficiency 
may cause renal insufficiency by virtue of extensive injury to the cells of the 
proximal tubule. In these cases, the patients have polycythemia and nocturia 
and a urine of low specific gravity with a trace of protein, low serum potassium, 
alkalosis, and a raised plasma bicarbonate. The alkalosis is attributed to a shift 
of hydrogen ions into the intracellular fluid in exchange for intracellular po- 
tassium; the release of potassium from the cells prevents extracellular fluid con- 
centrations of cation from falling to lethal levels. Also, sodium ions cross into 
the intracellular fluid in exchange for potassium so that in pure potassium de- 
ficiency there is an over-all sodium retention. 

In potassium deficiency secondary to primary renal disease, the plasma 
bicarbonate is decreased due to the impaired ability to secrete hydrogen ions 
and to form ammonia. 

The role of the over-all sodium retention in potassium deficiency and the 
interrelations of sodium and potassium with regard to the integrity of the myo- 
cardium have been examined experimentally by Paul Cannon and his associates." 
They found that, in protein-depleted rats, the effects of potassium deficiency 
could be profoundly affected by the administration of excess amounts of sodium 
chloride either in the diet or parenterally. Microscopic examinations of the 
heart in these animals disclosed extensive necrosis of myocardial fibers associ- 
ated with little cellular reaction. The changes were more striking than in animals 
which were potassium deficient alone. The question here is what is the relation- 
ship of the myocardial lesions to protein deficiency, to potassium deficiency, 
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and to excess sodium intake? It would also be of interest to establish the effects 
of exercise on these myocardial lesions. 

In any analysis, then, of the relationship between potassium deficiency 
and the function of the heart, whether there is congestive heart failure or not, 
it is difficult to assess the particular role of the potassium deficiency because 
of the other factors that may influence the total picture, such as excess sodium 
retention, diuretics, digitalis, hypoproteinemia, exercise, steroid medication, 
and thiamine deficiency. In any event, however, it is important to appreciate 
that potassium plays an important role in the normal conduction and integrity 
of the myocardium and its function. 

One should suspect potassium deficiency when heart failure complicates 
kidney disease and renal failure (chronic glomerular nephritis, chronic pyelo- 
nephritis, polyarteritis nodosa, recovery from acute tubular necrosis, and in the 
cases where there is an inability to reabsorb bicarbonate, for example, renal 
acidosis). It should be considered, also, in the following instances: (1) prolonged 
vomiting, (2) prolonged diarrhea, (3) postoperative gastric suction, intestinal 
and biliary fistulas, (4) uncontrolled diabetes or recovery from diabetic coma 
and insulin administration, (5) injudicious use of ion exchange resins—aldo- 
steronism, (6) congestive heart failure treated with diuretics and digitalis, and 
(7) excessive use of diuretics. 


SUMMARY 


Some patients with edema and other signs of congestive heart failure may 
have primary or secondary deficiency disorders. For purposes of discussion 
and description, it is common practice to describe low cardiac output failure, 
high output failure, left-sided failure, right-sided failure, and whole heart failure. 
The central problem remains: Why does the heart as an efficient pump fail 
to deliver an adequate amount of blood to the tissues so that edema and other 
signs of congestive heart failure appear? This is the problem that needs to be 
attacked at the fundamental level of myocardial metabolism. What are the 
needs of cardiac muscle in order that it may function properly? How are these 
needs interrelated? These needs include not only oxygen, but carbohydrate, 
protein, thiamine, and all of the constituents that move in and out of cells, in- 
cluding potassium, sodium, calcium, magnesium, chloride, sulfate, phosphate, 
vitamins A, C, and D, to say nothing of the liberation of chemicals at the neuro- 
muscular junctions and the various enzyme systems necessary for the contraction 
and relaxation of heart muscle. 

The heart muscle cannot live by oxygen alone, although it cannot live long 
without it. The heart muscle needs other ingredients as well in order to function 
effectively and these need to be properly balanced. 

We have some knowledge that deficits in thiamine, protein, vitamin C, or 
potassium may cause or aggravate other basic disturbances in cardiac muscular 
function. When these deficits are corrected, improvements may occur. 

It is necessary, therefore, to recognize these deficiencies when they occur, 
so that they may be corrected for the benefit of the patient. 
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INTRODUCTION 

EART failure in the adult is a well-recognized symptom complex in which 

the hemodynamic alterations have been documented and the principles 
of treatment standardized. Heart failure in infants and children is less well 
recognized despite the fact that it is not uncommon among patients of the pedi- 
atric age group requiring hospitalization. In this age group the etiology and 
clinical manifestations are strikingly different from those in older children and 
adults and although the principles of treatment are the same, dosage and choice 
of drugs require special consideration because of the altered physiologic response 
of the young patient. These differences in the clinical manifestations and in 
the response to treatment have been noted by several observers,!~* but documen- 
tation of this altered physiology utilizing hemodynamic techniques has not been 
reported. The study of heart failure in the young patient poses many problems 
including the modification of available techniques or the introduction of new 
ones, as well as the development of standards for the normal child. 

The function of the heart is to maintain adequate output of blood under all 
circumstances. In heart failure the cardiac output, which may be decreased 
(low output failure), normal, or increased (high output failure), is inadequate 
to sustain normal body functions. The heart is failing when it is unable to in- 
crease its output in response to demand and when it is able to maintain its out- 
put only by increasing venous filling pressure.’ Heart failure results in inade- 
quate delivery of oxygen to the tissues first during exercise and subsequently 
at rest. A number of homeostatic mechanisms directed toward increasing the 
delivery of oxygen to the tissues are available. These homeostatic mechanisms 
represent ‘‘cardiac reserve.’’ They include: (1) Heart rate and (2) stroke volume 
both of which affect cardiac output directly, (3) the ability of the tissues to 
extract larger amounts of oxygen from available blood as reflected by alterations 
in arteriovenous difference, (4) the transport of increased amounts of oxygen to 
the myocardium by alteration in coronary blood flow, and (5) cardiac hypertrophy. 
Most of the recognizable manifestations of heart failure are due to the homeostatic 
mechanisms attempting to restore cardiac output, rather than to a decrease in 
the output. 
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Heart failure results from the inability of either the right or left ventricle 
to function under adverse conditions, with secondary strain on the remaining 
ventricle. Only occasionally does a pathologic process affect both ventricles 
equally and simultaneously. In young infants, most of the pathologic changes 
which cause heart failure result in a strain on the right ventricle (pulmonic val- 
vular stenosis, pulmonary hypertension associated with large left-to-right shunts, 
coarctation of the aorta with reversal of flow through a patent ductus, or chronic 
pulmonary disease associated with cystic fibrosis of the pancreas). In adults, 
on the other hand, most heart failure is left ventricular failure (myocardial dam- 
age from coronary atherosclerosis or myocarditis, hypertension of the peripheral 
vascular system, or incompetence of the aortic valve). Right heart failure in 
the adult is usually due to mitral stenosis, and much of the clinical picture is a 
reflection of intense pulmonary congestion. The most striking difference be- 
tween heart failure in infants and in adults is the far greater frequency of right 
ventricular failure in infancy and of left ventricular failure in adults. 


METHODS AND MATERIAL 


Diagnostic criteria for the patients included in this study have been based 
primarily upon clinical manifestations which are in agreement with previously 
published reports.'** In many patients the diagnosis was subsequently confirmed 
at postmortem examination. In others the response to digitalization and the 
clinical course have verified the original impression, while in a few hemodynamic 
changes have been confirmed by cardiac catheterization. In an attempt to elu- 
cidate the common causes of heart failure in infancy 100 patients were subjected 
to special review. In these infants the underlying heart disease was verified by 
postmortem examination, surgical observation, or after prolonged clinical ob- 
servations confirmed by cardiac catheterization and/or angiocardiography. 
Those infants lost to follow-up and those who died and upon whom postmortem 
examination was not performed were excluded from this portion of the study. 


INCIDENCE 

The incidence of heart failure in childhood is difficult to evaluate. No 
attempt has been made in this study to determine the incidence among hos- 
pitalized children. Statistics derived from hospital surveys vary markedly. 
Keith, Rowe, and Vlad® indicate that of 1,580 children with congenital cardiac 
malformations, 20 per cent developed failure at some time in childhood. Of this 
group in heart failure 90 per cent were less than one year of age. 

The discussion of postmortem findings is based on the Babies Hospital series 
of 340 autopsies on infants and children with major malformations of the heart. 
Of these, 255 (75 per cent) died in the first year. 


ETIOLOGY 


In our experience the majority of cases of heart failure in childhood occur 
in the first year of life in patients with congenital cardiac malformations. Less 
commonly failure in the first year has been due to viral myocarditis, supraven- 


592 BLUMENTHAL AND ANDERSEN J. 


tricular tachycardia, cystic fibrosis of the pancreas, or diffuse bronchiolitis. 
Heart failure after the first year has resulted from cor pulmonale secondary to 
cystic fibrosis of the pancreas, congenital cardiac malformations, rheumatic 
heart disease, Cooley's anemia, renal disease, as well as a host of unusual causes 


similar to those seen among adults. 


SANBORN ViSO-CaRDIET TE 


Fig. 1.—R. W., Ventricular septal defect and pulmonary hypertension. ECG shows right axis deviation 
and right ventricular hypertrophy pattern. 


A tabulation of congenital cardiac malformations with respect to their 
association with heart failure in infancy (Table I) indicates that heart failure is 
very commonly associated with some defects and is rarely seen in others. The 
proportion of cyanotic to acyanotic types of congenital malformations of the 
heart is similar to that seen among those not in failure, i.e., approximately two- 
thirds are of the acyanotic variety. The largest proportion of cases in failure 
have anomalies resulting in increased blood flow through the lungs. Among 
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the acyanotic patients are included those with defects resulting in large “‘left- 
to-right shunts,” i.e., septal defects (Fig. 1), atrioventricular canal, and patent 
ductus arteriosus (Fig. 2), and in the cyanotic group complete transposition of 
the great vessels or its variants. An additional group is formed by those anom- 
alies resulting in severe pulmonary venous congestion due to obstruction to 
pulmonary venous return, e.g., total anomalous pulmonary venous drainage and 
cor triatriatum. These anomalies cause not only an increase in minute volume 
but changes in the pulmonary vasculature resulting in significant increase in 
pulmonary resistance. Primary endocardial fibroelastosis,’? paroxysmal supra- 
ventricular tachycardia, and anomalous origin of the coronary arteries usually 
progress to heart failure but have been less common in our experience than the 


Fig. 2.—R. G., age 6 months. Roentgenogram of the chest. Patent ductus arteriosus with severe 
pulmonary hypertension. Right heart failure. 


previously mentioned groups. Conspicuous by their infrequency in this tabula- 
tion of causes of heart failure are anomalies resulting in diminished blood flow 
to the lungs (tetralogy of Fallot) despite the rather frequent occurrence of symp- 
toms of sufficient severity to necessitate hospitalization. In the unusual infant 
with tetralogy of Fallot in whom congestive heart failure developed, pulmonary 
atresia or very severe pulmonary stenosis existed so that clinical manifestations 
of failure were overshadowed by those of cerebral hypoxia. It is quite possible 
that those patients who have a severe variant of the disease succumb to the 
effects of cerebral hypoxia before significant heart failure becomes apparent. 
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TABLE I. UNDERLYING CARDIAC DEFECT IN HEART FAILURE IN FirST YEAR 


CYANOTIC (29) ACYANOTIC (71) 


Transposition of great vessels Ventricular septal defect 
With tricuspid atresia 4° Common atrioventricular canal 
Taussig-Bing type Atrial septal defect 
Patent ductus arteriosus 
Truncus arteriosus 
Total anomalous pulmonary vein Paroxysmal supraventricular 
drainage tachycardia 
Tetralogy of Fallot Primary endocardial fibroelastosis 
With pulmonary atresia Anomalous left coronary artery 
Tricuspid atresia Congenital mitral atresia 
Coarctation of the aorta 
Pulmonic stenosis with normal aortic 
root 
Cor triatriatum 


Oty 


EXTRACARDIAC PATHOLOGY 


Pathologic changes resulting from comparable cardiac dysfunction are in 
some ways different in infants as compared with adults. In general, peripheral 
edema, ascites, and hydrothorax are mild or absent in infancy. However, edema 
of the lower face and neck which we have termed ‘“‘chipmunk facies’’ and engorge- 
ment of the neck veins may be seen in cystic fibrosis of the pancreas in the ter- 
minal days or weeks, usually without edema elsewhere. A second pathologic 
finding which is generally observed in infants with heart failure is lipoid pneu- 
monia due to aspiration of formula or food. The posterior portions of all lobes 
are involved rather than the lower lobes as seen in adults with aspiration pneu- 
monia. The affected lobules may or may not show evidence of infection. Many 
alveoli in the perihilar region are filled with vacuolated phagocytes and extra- 
cellular amorphous protein material. The location of the affected lobules in the 
perihilar and paravertebral areas may explain the inconspicuous x-ray changes. 

A few general statements can be made regarding the extracardiac changes 
associated with various types of cardiac dysfunction in infancy: Left ventricular 
failure in infancy often results in death following a brief terminal illness of a 
few hours or days and accounts for some of the cases of sudden death in infancy. 
Morphologic changes secondary to failure are inconspicuous; changes due to 
underlying disease may be present as, for example, glycogen deposition in the 
skeletal muscles and elsewhere in glycogen storage disease of the heart. Al- 
though the alveolar capillaries may be engorged, evidence of chronic pulmonary 
venous congestion on a cardiac basis is unusual in heart disease in infancy. The 
picture of chronic passive congestion with massive hemosiderosis of the lung, 
which may occur in mitral stenosis in adults, is rarely seen in patients who die 
in the first 5 years of life. 

Right ventricular failure with pulmonary hypertension is associated with 
dilatation and thickening of the main pulmonary artery and its larger branches. 
Thickening of the smaller intrapulmonary arteries is difficult to evaluate histo- 
logically in infants under one year of age, and especially difficult in the first 
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month, when it may be confused with the normally thick-walled structure of 
intrapulmonary arteries at this age. Quantitative measurements may show 
thickening in some cases in the latter part of the first year. These changes may 
be obvious on inspection in autopies on older children. The hypoplasia of the 
larger branches of the pulmonary arteries in tetralogy of Fallot and other con- 
ditions with deficient pulmonary blood flow is likewise not accompanied by 
obvious hypoplasia of intrapulmonary branches during the first year. The con- 
spicuously dilated bronchial arteries in these cases may provide sufficient blood 
flow to maintain the size as well as the function of the smaller intrapulmonary 
vessels. 

In cyanotic heart disease with right-to-left shunt and right ventricular 
failure, the viscera show diffuse plethora, venous engorgement, and cyanosis. 
The surface of the brain has a diffuse dusky purplish color with distended pial 
veins. The liver shows engorgement with distention of the sinuses, especially 
in the central half of the lobule. The liver cells in the central areas are often 
atrophied. The changes in the liver are similar, whether or not the right heart 
failure is associated with a right-to-left shunt. Cardiac cirrhosis is rarely seen 
in the first year of life, and chronic passive congestion of the spleen and _peri- 
pheral atrophy of the pancreatic lobules are unusual on the basis of heart disease 
at this age. The explanation for the infrequency of cardiac cirrhosis in infancy 
is not clear. The shorter duration of illness does not provide a satisfactory basis, 
since fibroelastic proliferation and collagen formation in the liver may occur 
within 2 weeks under other circumstances such as toxic hepatitis. 

The frequent finding of brain abscess or infarct in cyanotic heart disease 
with a right-to-left shunt has long been known® but has not been sufficiently 
emphasized. This often occurs in the absence of bacterial endocarditis and is 
the result of direct transmission of bacterial colonies or emboli through a cardiac 
defect; these would be caught by the lung capillaries in the absence of the shunt. 
Although brain abscess is more often seen in older children it may occur in in- 
fancy. Ina series of 131 postmortem cases of cyanotic heart disease with right- 
to-left shunt, brain abscess, encephalomalacia, or sinus thrombosis was found 
in 24 (18 per cent); 13 of these were under one year of age. Thrombosis of the 
dural sinuses was associated with brain abscess in several patients with cyanotic 
heart disease who died in early infancy; most of these had complete transposition 
of the great vessels. 


CLINICAL FINDINGS 


The clinical picture of heart failure in infants and young children differs 
from that seen in older children. In the latter group the findings are similar to 
those seen in the adult. Left heart failure in the older child and adult is charac- 
terized by pulmonary venous congestion resulting in dyspnea, cough, and hemo- 
ptysis with findings of gallop rhythm, tachycardia, accentuation of the second 
pulmonic sound, rales at the bases of the lungs, and decreased vital capacity. 
Failure of the right ventricle results in systemic venous congestion with develop- 
ment of neck vein engorgement, enlargement of the liver, dependent pitting 
edema, ascites, and a hepatojugular reflux. 
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In the young infant heart failure is commonly insidious in onset. In those 
with right heart failure tachypnea is the first manifestation, followed by hepa- 
tomegaly. The liver often increases rapidly in size and may extend to a level 
below the umbilicus. It is rarely tender, and the hepatomegaly is not associated 
with jaundice. In the presence of systemic venous engorgement it is of interest 
that distention of neck veins is rarely observed and that dependent edema and 
ascites are uncommon and late manifestations. Failure of the left ventricle in in- 
fants (Figs. 3 and 4) results in dyspnea which may be severe. Cough is rare and 
hemoptysis is not observed. Pulmonary venous engorgement is commonly demon- 
strated by roentgen examination, but it is rare to hear rales at the bases of the 
lungs unless pulmonary infection supervenes. Gallop rhythm and_ tachycardia 
are commonly present in addition to accentuation of the second pulmonic sound. 


Fig. 3.—M. R., age 1 year. Congenital aortic stenosis resulting in left heart failure. Roentgenogram 
of the chest demonstrating cardiomegaly and pulmonary congestion. 


The signs of right heart failure soon complicate the clinical picture of left heart 
failure. It has been noted by pediatricians that pulmonary edema, ascites, and 
dependent pitting edema are uncommonly seen in infants with heart failure and 
that when present they should be recognized as late manifestations.‘ 


DISCUSSION 


The heart responds immediately to an increased work load and usually 
adapts to this increased demand. The capacity of the heart to adapt depends 
upon the type of overloading and the rapidity with which it develops. The in- 
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creased work load may result from an increase in peripheral resistance or an 
increase in minute volume. An increase in peripheral vascular resistance is a 
more important factor in the development of heart failure than an increased 
minute volume.’ The latter is usually relatively well tolerated unless the in- 
crease is sudden as it may be during a very rapid excessive intravenous infusion. 


Fig. 4.—M. R., age 1 year. Congenital aortic stenosis. Electrocardiogram reveals left axis deviation 
and left ventricular hypertrophy. 


Wiggers!’ has indicated that as the ventricle fails it becomes less efficient 
as manifested by a slower pressure rise during isometric contraction with a lower 
systolic pressure. This is accompanied by an increase in diastolic size of the 
ventricle, dilatation and relative insufficiency of the atrioventricular valve, and 
an increase in filling pressure. Systolic contractions become inefficient with an 
increasing amount of residual blood in the ventricle at the end of systole, resulting 
in an impediment to the subsequent flow of blood into the ventricle. This causes 
an increase in venous engorgement and an increase in venocapillary pressure 
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proximal to the failing ventricle. Heart failure is characterized by an increase 
in blood volume due to sodium and water retention.'! Diminution in cardiac 
output causes a decrease in renal blood flow accompanied by an increase in tub- 
ular reabsorption of electrolytes and water.” Increased production and excre- 
tion of aldosterone have been demonstrated in patients in failure.’ Heart failure 
may be precipitated by these renal and endocrine disturbances, or the disturb- 
ances may be the result of heart failure. Most of the clinical manifestations of 
heart failure are due to venous engorgement and an increase in blood volume 
secondary to retention of sodium and water. 

Cardiac output inadequate for the needs of the body results in an inadequate 
supply of oxygen to the tissues and is first manifested by a decrease in exercise 
tolerance. This diminution in exercise tolerance is frequently observed in 
children but more difficult to evaluate in infants. Fatigue is commonly mani- 
fested by the infant as an inability to finish feedings, the development of hunger, 
and subsequent irritability with failure to thrive. Exercise intolerance at this 
age is not uncommonly interpreted as a feeding problem. 

Tachypnea is the most common manifestation of heart failure in infants 
and may be noted for long periods prior to the appearance of other manifestations 
of failure. This may be observed without flaring of the alae nasi or obvious dis- 
comfort. Respiratory rates of 50 to 100 per minute are common and rates of 
120 to 140 per minute have been observed. Discomfort may accompany the 
excessive rates. The respiratory pattern is not paroxysmal in character nor is 
it of the Cheyne-Stokes type. Anomalies resulting in significant increase in 
pulmonary blood flow to the lungs are a common cause of failure. Harrison and 
his associates" demonstrated that an increase in respiratory rate may result from 
an elevation in venous pressure in the venae cavae and in the right atrium and 
that this does not occur if the vagi are sectioned. Reflex stimulation of respira- 
tion from elevated pressure in the right atrium and venae cavae is suggested as 
a possible mechanism for tachypnea in this set of circumstances. Inadequate 
blood flow to the respiratory center resulting in an increased respiratory effort 
seems a less likely mechanism. The role of carbon dioxide retention needs fur- 
ther elucidation and probably plays a part in some cases. A reduction in vital 
capacity in older children with rheumatic heart disease has been emphasized 
by Wilson, and a reduction in effective lung volume undoubtedly exists in in- 
fants in failure, but this has not been documented. The existence of tachypnea 
and of dyspnea has been noted by many observers. Its mechanism invites fur- 
ther study. 

Cough is usually not a manifestation of pulmonary congestion associated 
with heart failure. Aspiration pneumonia is not uncommon; it usually involves 
the posterior portion of all lobes, presumably because the infant is lying on his 
back when being fed. The difficulty of feeding and the resultant fatigue in an 
infant with tachypnea predisposes to aspiration of formula and food. Pulmonary 
congestion predisposes to pulmonary infection, and it is often difficult to differ- 
entiate between the findings due to congestion and those resulting from infec- 
tion. It is difficult to explain why pulmonary rales are so uncommon and when 
present are such a late manifestation of failure. At postmortem examination 
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mild pulmonary edema can often be demonstrated morphologically; it is rarely 
of significant amount. In the normal fetus and young infant the pulmonary 
arterioles are characterized by a thickened media as compared to the adult pat- 
tern.'® An increase in pulmonary bleod flow tends to perpetuate or to increase 
this medial thickening and may be a factor in limiting extravasation of fluid into 
the alveoli. 

Accentuation of the second pulmonic sound is commonly noted in patients 
suffering from congestive heart failure. Pulmonary hypertension due to increased 
pulmonary vascular resistance and/or increased pulmonary blood flow is a com- 
mon cause of right heart failure in the pediatric age group. Pulmonary hyper- 
tension secondary to left heart failure is much less common in children. 

Right heart failure results in systemic venous congestion and elevation of 
systemic venous pressure. Although easily measured in older children, for 
technical reasons the venous pressure is difficult to measure in the infant and 
young child. The external jugular vein is not readily visualized in the young 
infant. Marked increases in vena caval pressure have been noted without visible 
neck vein engorgement. Much the same may be said for the veins in the hands 
and feet. Distention is infrequently noted in the superficial veins of the extrem- 
ities. The liver on the other hand often enlarges to a marked degree; however, 
in those circumstances in which the diaphragms are depressed the liver edge 
may be palpated a significant distance below the costal margin and may be 
erroneously considered to be enlarged. It is probable that the liver serves as a 


venous reservoir and may remain engorged for some time after adequate cardiac 
output has been restored. It would be of interest to know how accurately the 
hepatcmegaly reflects systemic venous engorgement. Observations at cardiac 
catheterization with rapid digitalization of the patient would add considerable 


information to this clinical observation. 

Peripheral edema, ascites, and hydrothorax are mild or absent in infancy 
despite systemic venous engorgement and hepatomegaly. When present they 
are considered to be late manifestations. Edema results from an increase in 
capillary hydrostatic pressure and a decrease in tissue tension. The more re- 
silient venous structures, the shorter column of venous blood, the elevated position 
and greater activity of the lower extremities, and the increase in tension in the 
tissues due to structural differences require consideration as possible explanations 
for the late appearance of peripheral edema secondary to right heart failure. 


PROGNOSIS 


Keith® and Nadas! report an exceedingly high mortality in infants in con- 
gestive heart failure. Our observations are in agreement with these reports. 
In a group of 158 infants admitted to the Babies Hospital in congestive heart 
failure the mortality rate was 67 per cent. These findings are of very little sig- 
nificance in the evaluation of an individual patient. It is obvious that the ma- 
jority of infants born with cardiac or vascular anomalies which are incompatible 
with life will develop heart failure. On the other hand, many infants in failure 
will respond dramatically to a medical regimen. Some have anomalies which 
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can be corrected by surgery (coarctation of the aorta, patent ductus arteriosus, 
etc.) while others will adapt to the altered hemodynamics and will grow and 
develop in a reasonably normal manner. The management of an individual 
patient should not be influenced by the statistically high mortality rate. 


TREATMENT 


The principles of treatment of congestive failure are the same for the young 
patient as for the adult. The use of oxygen, morphine, a low-salt diet, and di- 
uretics is recommended. Digitalis is efficacious in this group of patients. In 
our experience digoxin is the drug of choice because of its rapid absorption and 
elimination. There is often a narrow range between the effective and toxic 
dose of digitalis. Early signs of intoxication are frequently not observed so that 
a rapidly excreted drug has distinct advantages. Subjective evidence of digitalis 
intoxication cannot be utilized in these patients and vomiting is a less common 
manifestation in children than in adults. Arrhythmias are often the first sign 
of intoxication and the electrocardiogram is an indispensable aid in the manage- 
ment of these patients. As a guide we recommend 0.075 mg. per kilogram of 
digoxin as an ‘‘average digitalizing dose’ for infants less than 18 months of age,'’ 
recognizing that each patient represents a titration experiment and that an 
“average dose’ can never be a substitute for careful clinical appraisal of the 
patient. This should be followed by a daily maintenance dose of 0.025 mg. per 
kilogram in infants. Children require proportionally smaller doses per kilogram 


of body weight than do infants while the dose for the adolescent approximates 
that of the adult. It is best to administer the drug intramuscularly until failure 
is controlled as these patients are often feeding poorly, so that oral administra- 
tion is unsatisfactory. Morphine can be given in doses of 1 mg. for each 5 kilo- 
grams of body weight, and may be repeated at 4- to 6-hour intervals. 


SUMMARY 


The majority of cases of heart failure in childhood occur during the first 
year of life in patients with congenital cardiac malformations. Anomalies re- 
sulting in an increased blood flow through the lungs and increased pulmonary 
vascular resistance are the most common causes of failure. Aspiration pneumonia 
is acommon complication. Right heart failure is more commonly seen in infants 
and children than left heart failure. Right heart failure leads to engorgement 
of liver sinuses with atrophy of liver cells in the central areas but not to cirrhosis 
of the liver during the first year. Other viscera show acute congestion without 
obvious cell damage. Left heart failure leads to a brief terminal illness or sudden 
death, and extracardiac changes are inconspicuous. Chronic passive congestion 
of the lungs is rare in infancy. Cyanotic heart disease is accompanied by con- 
gestion, plethora, and cyanosis of the organs, notably the brain. Embolic lesions 
of the brain are not uncommon complications of right-to-left shunts, occurring 
in 18 per cent of autopsies in such cases. Tachypnea and hepatomegaly are 
early common clinical manifestations of failure while peripheral edema is unusual 
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with the exception of ‘“‘chipmunk facies’’ in the cor pulmonale associated with 
cystic fibrosis of the pancreas. The principles of treatment are the same as for 
the adult and include the use of digitalis, diuretics, oxygen, morphine, and a 
restricted sodium intake. 


REFERENCES 


1. Nadas, A. S., Rudolph, A. M., and Reinhold, J. D. L.: Medical Progress: Use of Digitalis 
in Infants and Children; Clinical Study of Patients in Congestive Heart Failure, New 
England J. Med. 248:98, 1953. 

Keith, J. D.: Congestive Heart Failure. Review Article, Pediatrics 18:491, 1956. 

Robinson, S. J.: Treatment of Congestive Failure in Children, Am. Pract. & Digest Treat. 
2:696, 1951. 

Blumenthal, S.: Diagnosis of Heart Failure in Infancy, Tr. Am. Coll. Cardiol. 3:70, 1954. 

McMichael, J.: Pharmacology of the Failing Heart, Springfield, IIl., 1950, Charles C 
Thomas, Publisher. 

Keith, J. D., Rowe, R. D., and Vlad, P.: Heart Disease in Infancy and Childhood, New 
York, 1958, The MacMillan Company. 

Kelly, J., and Andersen, D. H.: Congenital Endocardial Fibro-elastosis. II. A Clinical 
and Pathologic Investigation of Those Cases Without Associated Cardiac Malforma- 
tions Including Report of Two Familial Instances, Pediatrics 18:539, 1956. 

Congenital Cardiac Defects. A Physician’s Guide for Evaluation and Management, Cir- 
culation 15:631, 1957. 

Muller, E. A.: Herzarbeit und Herzvolumen, Pfliiger’s Arch. ges. Physiol. 238:638, 1937. 

Wiggers, C. J.: Dynamics of Ventricular Contraction Under Abnormal Conditions, Cir- 
culation 5:321, 1952. 

Warren, J. V., and Stead, E. A., Jr.: Fluid Dynamics in Chronic Congestive Heart Failure. 
An Interpretation of the Mechanisms Producing Edema, Increased Plasma Volume, 
and Elevated Venous Pressure in Certain Patients With Prolonged Congestive Failure, 
Arch. Int. Med. 73:138, 1944. 

Vanders, A. J., Malvin, R. L., Wilde, W. S., and Sullivan, L. P.: Re-examination of Salt 
and Water Retention in Congestive Heart Failure, Am. J. Med. 25:497, 1958. 
Johnson, R. D., and Conn, J. W.: Aldosterone, Anti-diuretic Hormone and Congestive 

Failure, Mod. Concepts Cardiovas. Dis. 27:431, 1958. 

Harrison, T. R., Calhoun, J. A., Cullen, G. E., Wilkins, W. E., and Pilcher, C.: Studies in 
Congestive Heart Failure. XV. Reflex Versus Chemical Factors in the Production 
of Rapid Breathing, J. Clin. Invest. 11:133, 1932. 

Wilson, M. G., and Lim, W. N.: Natural Causes of Active Rheumatic Carditis and Evalua- 
tion of Therapy, J.A.M.A. 160:1457, 1956. 

Dammann, J. F., and Ferencz, C.: The Significance of the Pulmonary Vascular Bed in 
Congenital Heart Disease. I. Normal Lungs. II. Malformations of the Heart in 
Which There is Pulmonary Stenosis, Am. Heart J. 52:1, 1956. 

Sapin, S. O., Donoso, E., and Blumenthal, S.: Digoxin Dosage in Infants, Pediatrics 18:730, 
1956. 


Le 
) 
159 
1( 
| 
1 
1 
1: 
16 
17 | 


CARDIOTONICS AND DIURETICS IN HUMAN HEART FAILURE 


McMicuaer, M.D., From the Postgraduate Medical School of London 


Lonpon, ENGLAND (Received for publication Jan. 19, 1959) 


A NOTE ON HEART FAILURE 


N SPITE of the spectacular advance of direct surgical attack on many heart 

disorders, the benefits of which are sometimes less than we had hoped, the 
cardiac invalid is still with us. He usually presents in the final stages, but often 
in an earlier and recoverable phase, a picture of heart failure in one of its nu- 
merous forms. The intimate nature of the total circulatory breakdown is com- 
plex, affecting every area of the circulation in brain, lungs, liver, kidneys, and 
limbs, and the interaction of these various facets is, more often than not, still 
the subject of conjecture. The realization that certain types of cardiac fail- 
ure might have a well-sustained or even a high cardiac output'?* put an end 
to the idea that the clinical picture was mainly due to deficient minute volume 
with damming-back of blood in the venous system. Elevated venous pressure 
is now thought to play a localizing role only in the production of edema. The 
general problem of edema has been subjected to a variety of analyses, and interest 
at present centers around renal and hormonal mechanisms in its genesis. The 
renal mechanisms have been regarded as stemming from reduced kidney blood 
flow,* reduced glomerular filtration rate leading to increased reabsorption of 
sodium.’ This simple hemodynamic concept, however, was found to be unsatis- 
factory, and other mechanisms of water and sodium retention were invoked, 
including excess vasopressin® and aldosterone.’ Current research, however, 
makes the role of these substances rather doubtful: edema is usually absent in 
aldosteronism.* One recent opinion® is that a high glomerular filtration fraction 
(increased in heart failure to 40 to 50 per cent) creates an excessively high protein 
osmotic pressure in the peritubular capillaries, with consequent excessive re- 
absorption of glomerular filtrate. While the detailed mechanisms of renal re- 
tention of sodium and water still require elucidation and confirmation at various 
points, the part played by the somewhat elusive ‘“‘volume receptors” in health 
and in edematous states commands much interest. (See paper by Strauss and 
Papper, p. 536.) Increased effective intravascular pressure in the right side 
of the heart or in the thoracic vessels'® may lead to a diuresis in normal subjects, 
while diminished pressure may promote antidiuresis. Pressure pulsations or 
“transients” in these areas may be of greater significance than actual mean pres- 
sure levels.!! The negative nitrogen balance of cardiac failure’ may play some 
part in reducing the level of the plasma proteins but, in some instances, albumin 
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loss by the congested kidney may be enough to precipitate a nephrotic syndrome," 
a feature which adds still more complexity to the picture of cardiac edema. 

Research in the post-war decade has thus revealed the possibilities of many 
interacting mechanisms in cardiac edema. While the various facts that have 
been established may not yet fit together into a completely comprehensible 
picture, numerous extracardiac factors are appreciated which may be capable 
of pharmacologic correction with benefit to the patient. 

With regard to the heart itself, diastolic ‘‘stretch”’ of an overworked chamber 
is probably the stimulus to hypertrophy. In the presence of obstructive lesions 
(stenosis, hypertension) the hypertrophy for a variable period remains ‘‘con- 
centric,’’ with thick muscle and only slight dilatation. With incompetence of 
either atrioventricular or semilunar valves, diastolic overfilling of the ventricle 
occurs and dilatation becomes a permanent and prominent feature. Further 
dilatation, however, characterizes the progression into final failure of both ‘‘ob- 
structive’ and ‘“‘regurgitant” lesions. Strain on a ventricle is often manifested 
by gallop sounds, and in hypertension an auricular (presystolic) gallop may 
precede by many years the ordinary symptomatic manifestations of failure. 
A protodiastolic gallop is more intimately connected with the actual presence 


of failure. 


REDUCTION OF VENOUS PRESSURE 


TRICUSPID INCOMPETENCE: 


Gross failure of the right ventricle becomes more clearly recognizable by a 
back leak through the tricuspid valve, which is seen as a prominent systolic 
pulse in the neck veins. Recent work at the Postgraduate Medical School of 
London has shown that, in the early stages, this leak is variable and may be 
induced by exercise or even deep inspiration, while it may vanish during expira- 
tion or with any influence which diminishes inflow into the right ventricle." 
Thus, venesection has been shown to reduce backflow through the tricuspid 
valve with a corresponding increase in the forward output of the heart.” Tri- 
cuspid incompetence therefore may be an important mechanism in the production 
of gross venous engorgement!® and cardiac output depression, and its relief by 
venesection leads to improvement in the “forward” cardiac output. Some of 
the earlier observations showing a rising venous pressure and falling cardiac 
output during exercise in mitral stenosis!’ may be explicable on the mechanical 
basis of tricuspid incompetence alone. Sarnoff’s investigations!’ have shown that 
in some instances the falling response in Starling’s ‘‘filling pressure-output”’ 
curve may be due to insufficiency of the atrioventricular valves. In other cases, 
however, this response may be caused by metabolic breakdown of the heart 


muscle itself. 

Tricuspid incompetence, however, is not responsible for all the increase in 
venous pressure. It only becomes apparent when mean venous pressure is more 
than 10 cm. H.O above the middle of the right atrium.'® The earliest rises in 
the venous pressure are due to other factors, including increased blood volume!’ 
and venomotor mechanisms.”° The latter bring about constriction of the pe- 
ripheral venous system, thus tending to increase central venous pressure. This 
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mechanism probably comes into action under conditions which make the whole 
circulation inadequate. 

Venesection thus brings about clinical improvement by reducing filling of the 
right heart, allowing recovery of a dilated right ventricle which can then expend 
its energy in driving forward some or all of the blood which was previously flowing 
backward. The improvements which have been claimed from surgical ligation 
of the inferior vena cava below the kidneys are probably due to reduced central 
venous pressure. Although at one time considerable hopes for this operation 
were raised by Cossio,?! and also by d’Allaines” and their associates, the operation 
has now been generally abandoned, since its beneficial influence was only tem- 
porary. 

Closely related to this problem is the hemodynamic effect of the potent 
diuretics. During a mercurial diuresis, and quite independent of the small 
amount of theophylline given with the mercurial, considerable falls in the venous 
pressure have been recorded,” and the same may be seen with the new oral diu- 
retic, chlorothiazide. It is probable that during a diuresis the blood volume 
undergoes some reduction, and we could refer to this as the venesection-like 
action of diuretics. The rapid elimination of excess fluid from the body leads 
to some reduction of plasma volume and thus the diuretic may initiate a train 
of consequences leading toward recovery. There is indeed little doubt that 
waterlogged cardiac patients have become much rarer with the increasing compe- 
tent use of effective diuretic substances. 


CARDIOTONIC DRUGS 


1. Theophylline Ethylene-Diamine (T.E.D.; Aminophylline)—T.E.D. was 
introduced as a diuretic, but it was soon noticed to have a remarkable effect in 
the abolition of Cheyne-Stokes respiration. Although little sustained action 
on the circulation was expected from the drug, it sometimes produced a remark- 
ably abrupt fall in venous pressure with a corresponding rise in the cardiac out- 
put,”* an action which has since been confirmed.” This drug is best given intra- 
venously in a dose of 0.5 gram, but unfortunately its effect may be transient, 
and its greatest value is found in dealing with acute attacks of left ventricular 
failure. It must always be given slowly as a rapid injection can promote intense 
respiratory stimulation, making the dyspnea worse. Theophylline is also recom- 
mended as a means of promoting a mercurial diuresis when patients have become 
refractory to the latter. 

The mode of action is probably direct myocardial stimulation, as it produces 
transient increases in cardiac output in normal subjects.*4 Theophylline also 
has a diuretic action, although in this respect it is much less potent than the 
more recently available substances. 

Il. Digitalis.—In spite of nearly two centuries of experience with digitalis, 
understanding of its precise mode of action is still elusive and, even after this 
interval of time, its effects in any given patient in cardiac failure are often un- 
predictable. The demonstrable actions of the drug differ considerably in the 
normal and in the abnormal heart. Even in the presence of heart disease the 
benefits of digitalization vary from miraculous improvement to no effect at all. 
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Even within a given etiologic group of heart disease digitalis may produce bene- 
fits at one stage and none at another. 

Under particular conditions the following cardiovascular actions can be 
shown. 


Primary Effects Secondary Changes 
Slowing of the heart Fall of venous pressure 
Increased strength of cardiac contraction Diuresis 

Elevation of arterial pressure 

Development of ectopic rhythms 


1. Slowing of the heart: In normal man or animal, full digitalization is 
followed by bradycardia which results from stimulation of the vagal centers; 
in experimental animals, section of the vagi leads to abolition of the slowing. 
The degree of slowing of a heart in sinus rhythm, however, is usually slight (about 
10 per cent), and it is doubtful if this is therapeutically important as a primary 
action. In patients with heart failure in sinus rhythm, slowing of the heart is 
usually notable as the patient undergoes other clinical improvements following 
digitalis. This slowing, which is progressive over a few days, is thus probably 
secondary to the general improvement of the circulatory state. While in failure 
most of these patients have a resting heart rate, approximately 100 per minute 
but, as clinical amelioration sets in, the rate settles toward the normal level of 
70 per minute or so. 

The major action of the drug in slowing ventricular rate is seen in atrial 
fibrillation. Here the rapid, irregular, tumultuous beating of the ventricle is 
slowed down by a full intravenous dose of digoxin within 30 minutes to 1 hour. 
The rate may fall from 130 to 80 per minute. This action in the first few hours 
is mainly dependent on vagal inhibition of conduction through the bundle of 
His,** or perhaps it results from a vagal prolongation of the refractory period of 
the atrioventricular node’; slowing can be abolished by atropine in these early 
stages. After a further few days, however, administration of atropine fails to 
abolish this blocking effect, and at this stage it appears that digitalis has a direct 
blocking action on the conducting tissues. 

It was long held, particularly by the Mackenzie-Lewis school of British 
cardiology, that digitalis was beneficial only in patients with atrial fibrillation. 
This view is, of course, no longer tenable, and indeed it may be questioned whether 
the slowing of rate is really responsible for much of the clinical improvement 
which undoubtedly accompanies the successful use of the drug. Bayliss and 
Kelly?’ showed that, when slowing of the ventricular rate was accompanied by 
improvement in cardiac output, abolition of the slowing by atropine did not 
lead to any decrease of the improved minute output. It is thus possible that 
in these circumstances the improvement results from increased contractility of 
the ventricular muscle and that digitalis control of rate is merely an accompani- 
ment which is particularly useful in the recognition of suitable and adequate 
dosage of the drug. 

Atrial fibrillation occurring in paroxysms or as a lone abnormality does 
not necessarily precipitate failure even in spite of rapid ventricular rates.*? It 
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would appear therefore that with an otherwise healthy myocardium rapid or 
rapid irregular beating of the heart may be very well tolerated, sometimes over 
a period of years. On the other hand, it is an undoubted fact that in the presence 
of other myocardial disease a rapid rate can precipitate breakdown and failure. 

It is curious that digitalis often fails to slow the ventricular rate in patients 
with lone atrial fibrillation.*? It was often said that digitalis would also fail in 
the presence of thyrotoxic atrial fibrillation. The latter statement is certainly 
incorrect. In thyrotoxicosis the ventricular rates are often exceedingly rapid, 
and we have seen them reduced by digitalis from, say, 200 to 130 per minute, 
which is of the same percentage reduction as bringing down an initial rate of 
120 to 80. Perhaps the often persistent tachycardia has fostered failure to ap- 
preciate that the drug is still being effective. 

2. The inotropic action of digitalis: Increased strength of contraction of 
the heart under the influence of digitalis is not demonstrable in normal animals 
or man.*! The normal heart can be made to eject more blood at each beat under 
the influence of minute amounts of adrenalin,” but no such action can be shown 
following digitalis. So long as the myocardium is functioning normally, it seems 
to be refractory to any action of digitalis which can increase its strength. It is 
therefore a matter of little surprise that many laboratory pharmacologists, such 
as Cohn,* failed to produce satisfactory evidence of any digitalis stimulation 
of myocardial contraction in laboratory animals. It was only when the hearts 
of laboratory animals were fatigued, or otherwise enfeebled by poisoning with 
hypnotics, that improved contractility became demonstrable on the addition 
of digitalis. These weakened hearts were compared by Cushny* to the failing 
myocardium in clinical heart failure. This comparison is reasonably correct 
except that in clinical medicine we find it very difficult to predict what type of 
failure is likely to give a good digitalis response. Even in the presence of muscle 
hypertrophy produced by disease, digitalis has no demonstrable effect. The 
heart in anemia is also unresponsive. 

Twenty years ago there was a widespread tendency to regard congestive 
heart failure as a fairly uniform picture whatever the etiology. This view has 
been supplanted by the increasingly clear separation of different hemodynamic 
syndromes according to the type of damage to particular valves, sides of the 
heart, particular chambers of the heart, or areas of the myocardium. Each 
circulatory problem presenting to the clinician has to be analyzed according to 
circumstances, for the management of individual cardiac patients, even with 
the same underlying causative disorder, may have to be varied according to the 
stage of the disease. 

a. Mitral stenosis: In this disorder the obstructive valve lesion creates 
difficulty of passage of blood through the lungs and left atrium. In most patients 
with cardiac failure secondary to mitral stenosis, the contractile power of the left 
atrium has been lost as a result of fibrillation of that chamber. Nothing that 
digitalis can do will then assist the passage of blood through the narrowed valve. 
The only chamber likely to be improved is the right ventricle, but enhanced 
contractility here merely adds to pulmonary congestion (Fig. 1). Some experi- 
enced clinicians warn against the danger of production of pulmonary edema 
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following quick-acting strophanthin in this condition.*® The changes in cardiac 
output produced by digitalis in mitral stenosis with fibrillation are, in fact, very 
small. Sometimes, from increased contractile force of the right ventricle, the 
output may be increased by about 10 per cent, but under other circumstances 
no pharmacologic improvement may be demonstrable at all (Fig. 2). Lack of 
digitalis response may be due to either relative normality of function of the 
hypertrophied myocardium or to an advanced, unresponsive stage of the disorder. 


CONTROL 34 MIN. AFTER 1 MG. DIGOXIN 


R.V. 63/10 VE 
22 25 


Fig. 1.—Increase in right ventricular pulse pressure in mitral stenosis following digoxin. The 
cardiac output increase was slight and possibly pulmonary vascular resistance was increased. (Repro- 
duced by permission of the British Medical Journal.) 
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Fig. 2.—Mlitral stenosis with atrial fibrillation. Although a dose of 1.5 mg. digoxin produced a 
slight degree of slowing, cardiac output and pulmonary and right ventricular pressures remained essen- 
tially unchanged. Presumably the myocardium was functioning ‘‘normally.”’ 


b. Mitral incompetence: When mitral valve disease is accompanied by 
incompetence of the valve, the left ventricle is enlarged. Digitalis induction of 
stronger contractions may eject more blood into the aorta and permit scme 
recovery of a dilated valve ring with corresponding clinical improvement. 

c. Hypertensive and chronic ischemic heart disease: These conditions 
impose an absolute or relative load on the left ventricle, from an increased periph- 
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eral resistance in the one case and a depleted myocardium in the other. It is in 
these conditions that digitalis benefits may be seen at their best, as pointed out 
by Marvin.*? The fatigued or hypodynamic myocardium contracts more strongly 
(Fig. 3) and often pulmonary congestion is relieved (Figs. 4 and 5) with improve- 
ment of breathlessness and disappearance of the symptoms of cardiac failure. 


CONTROL 27 MIN. AFTERDIGOXIN 42 MIN. AFTER DIGOXIN 


38/10, MEAN 20 40/7, MEAN 18 41/2, MEAN 15 
138/74, MEAN 96 166/78, MEAN 107 
c.0. 2.6 L./MIN. 2.8 L/MIN. 3.2 


Fig. 3.—A woman, aged 76 years, with ischemic heart disease. A rise in systemic arterial pressure 
followed digoxin, while the right ventricular pressure changed from 38/10 to 41/2 mm. Hg in 42 minutes. 
The cardiac output increased from 2.6 to 3.2 L. per minute. The effect of digoxin is augmentation on 
hypodynamic left and right ventricles. (Reproduced by permission of the British Medical Journal.) 


CONTROL 28 MIN. AFTER DIGOXIN 


Fig. 4.—From above down: respiration, systemic arterial pressure, right ventricular pressure, and 
electrocardiogram. Left, hypodynamic left ventricle with falling systemic pressure and high pulmonary 
arterial systolic pressure. Right, after digoxin systemic arterial pressure rose and pulmonary arterial 
pressure fell; cardiac output was unchanged at 4 L. per minute. (Reproduced by permission of the 
British Medical Journal.) 


These effects are best seen in the earliest attacks of failure, but, with recurrent 
episodes, responses to digitalis become less and less dramatic until they vanish 
altogether. In hypertensive heart failure, we now have the additional advantage 
of ability to reduce the load by means of ganglion-blocking drugs, which by 
themselves can abolish the symptoms of failure.** 
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d. Acute ischemic heart disease: In acute ischemic heart disease, such as 
myocardial infarction and angina, digitalis has often been regarded as contra- 
indicated. Two dangers were envisaged, i.e., the precipitation of ventricular 
fibrillation or the promotion of cardiac rupture as a result of stronger contraction. 
It is likely, however, that more harm resulted from withholding digitalis than 
from giving it. If ventricular fibrillation is feared in myocardial infarction, 
digitalis can be given along with quinidine, and digitalis is certainly indicated 
when breathlessness, pulmonary edema, or venous engorgement make their 
appearance. Small intravenous doses are often effective in the cardiogenic shock 
of acute infarction.** Digitalis is also regarded as ineffective in angina, but 
Miller and R@rvik*® have recently noted that anginal pain is often accompanied 
by pulmonary hypertension and dyspnea which are indicative of some accompany- 
ing left heart failure. If such accompaniments are present, regular digitalis 
administration may be advisable. 
Betore 28 minutes after 
DIGOXIN 
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Fig. 5.—Contrasting effects of digoxin on pulse pressures of left ventricle (augmentation) and right 
ventricle (unloading) from data in Fig. 4. The filling pressure of the left ventricle (calculated as approx- 
imately one-half the pulmonary artery systolic pressure) must have fallen to a normal value. (Repro- 
duced by permission of the British Medical Journal.) 


e. Aortic stenosis and aortic incompetence: In these conditions, digitalis 
responses are much less satisfactory than in other forms of left ventricular failure. 
Transient improvements may occasionally occur but, once failure has developed, 
progress is usually inexorably downhill. It seems likely that improvement in 
left ventricular contractility fails to do very much to squeeze more blood through 
a severely narrowed orifice and in aortic incompetence the back leak remains 


as an irremediable burden. 

f. Cor pulmonale: Emphysema heart tends to spontaneous improve- 
ment as acute bronchitic exacerbations decline. This may take place quite rapidly, 
and judgment of the value of any cardiotonic drug used during the attack is 
difficult. It would appear that the myocardium is often reacting normally to 
the temporarily increased load of pulmonary hypertension and, in such circum- 
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stances, digitalis can effect no further improvement in cardiac output. Some- 
times improvements in stroke output result from slowing of the heart without 
much change in minute output. In the later and more severe stages of the 
disorder, however, where the tricuspid valve has become dilated, digitalis may 
produce an increased forward output,” possibly by diminishing the back leak. 
Where the cause of pulmonary hypertension is irremovable, as in kyphoscoliosis, 
increased systolic contraction may be seen after digitalis, but, in spite of this, 
demonstrable clinical benefits are not obtained (Fig. 6). 

g. Thyrotoxic heart failure: Contrary to an opinion usually held, this 
failure is often of the low output type. Tricuspid incompetence is a common 
development, and recovery takes place under digitalis, although the cure is not 
completed until the thyrotoxicosis is brought under control. 


CONTROL 31 MIN. AFTER 1 MG. DIGOXIN 


Rv 77/22 


4-5 5:0 
ART. SAT. 74% 75% 
B.P. 112/75 115/72 


Fig. 6.—Kyphoscoliosis with heart failure. The right ventricle sustained a higher pulse pressure 
at a slightly lower diastolic tension after digitalization. Although minute output improved slightly, 
clinical benefit was not observed and the patient died within one month. (Reproduced by permission 
of the British Medical Journal.) 


The precise mode of action of digitalis on the heart muscle and the expla- 
nation of the difference in action on normal and failing hearts still elude us. The 
old suggestion of Stewart and Cohn* that digitalis reduces cardiac size can cer- 
tainly be demonstrated in patients whose ventricles have been dilated before 
responding to treatment. Such reduction in size might account for diminution 
of output after digitalis in normal hearts and, by reducing back leak through 
incompetent atrioventricular valves in failing hearts, it could lead to improve- 
ment of output. Improvement of output, however, could be brought about 
by improved contractility, and this effect has been well demonstrated in failing 
muscle strips by Cattell and Gold, Loubatiéres® and many others. Daly and 
Clark*® showed that many features of strophanthin action on the frog heart 
could be simulated by reduction of the sodium content of the perfusing fluid. 
Digitalis may thus improve contractility by an effect at the cell membrane, 
sodium pump. 


possibly involving the 
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Venous pressure reduction: McMichael and Sharpey-Schafer' found that 
a fall in venous pressure was the most constant action of digoxin, whether the 
output of the heart was increased or not. This puzzling observation led to the 
formulation of a hypothesis that relaxation of venomotor tone might be an im- 
portant mode of action of the drug. The observations, however, were based 
solely on results obtained by right atrial catheterization. When it became pos- 
sible, shortly afterward, to study pressure curves from the right ventricle and 
pulmonary artery, it was found that, in left ventricular failure, improved function 
of this ventricle would lead to diminution of pulmonary congestion and consequent 
relief of the load on the right ventricle inducing a fall in an elevated systemic 
venous pressure.*?°’ The appreciation of this selective effect of digitalis on one 
side of the heart led to the abandonment of the venomotor hypothesis of digitalis 
action, except as a secondary effect. However, one of the quickest consequences 
of intravenous injection of the drug remains the venous pressure fall, as this may 
precede any increase in cardiac output.®! 

3. Elevation of arterial pressure: Following a full intravenous dose of an 
active crystalline preparation, such as digoxin or ouabain, the arterial pressure 
may rise considerably. By perfusion of the hindlimbs of animals, Bucherl and 
Schwab” have shown that strophanthin causes vasoconstriction. This vaso- 
constrictor action is occasionally responsible for an unexpected exacerbation of 
left ventricular failure when full doses of rapidly-acting crystalline glycosides 
are given intravenously with therapeutic intent. It is also possible that full 
intravenous doses may occasionally produce a vasoconstrictor action in the lung 


vessels (Fig. 1). 

4. Ectopic rhythms: Large doses of digitalis produce a variety of rhythm 
disturbances in the experimental laboratory. Heart block and premature beats 
are the most common. In the early stages of heart failure, full therapeutic digi- 
talization seldom produces any abnormality of rhythm but, in the more advanced 
stages, ectopic beats and particularly coupled beats may be produced by quite 
small doses of digitalis. Lown and Levine® point out that loss of potassium 
from the cardiac muscle cells may play a part in promoting these rhythm dis- 
turbances. It is perhaps easier to prevent than to treat these manifestations of 
toxicity. The administration of potassium may fail to abolish coupled beats, 
but if the habit is made of giving potassium supplements whenever a potent 
diuretic is used there may be less trouble from digitalis arrhythmia. 

Full intravenous doses of potent preparations may occasionally induce 
ventricular tachycardia, which can be fatal. This is another reason for the 
avoidance of large doses of intravenous preparations unless there is some special 
urgent need for such treatment. The occurrence of an occasional ventricular 
ectopic beat, however, is no contraindication to the ordinary therapeutic use of 
the drug. 

Other rhythm disturbances include bradycardia, nodal rhythm, heart block, 
and occasionally atrial premature beats. Wenckebach periods may also occur 
as a toxic manifestation, even with rapid heart rates. 

In the most advanced stages of cardiac failure, potassium depletion is a com-— 
mon accompaniment of diuresis induced by mersalyl or acetazolamide.** Chloro- 
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thiazide administration is often complicated by potassium loss and even frank hy- 
pokalemia. Under these circumstances the heart becomes excessively sensitive 
to digitalis. The occasional sudden death of cardiac patients during a diuresis 
may possibly be ascribed to digitalis toxicity, which is enchanced by diuretic po- 
tassium loss. This potassium loss is not necessarily revealed in blood levels of 
potassium. The older hypothesis that mercurials mobilized digitalis from the 
tissue fluids is now discarded, as recent work has shown that practically none of 
the drug is present in the tissue fluids.” 

The action of digitalis in converting atrial flutter to atrial fibrillation, with 
possible reversal to sinus rhythm on cessation of the drug, is well known, al- 
though the manner in which digitalis achieves this is ill understood. 

Diuresis: Perhaps the most gratifying clinical response is the elimination 
of large amounts of water by an edematous cardiac patient following the exhibi- 
tion of digitalis. It is widely held that this is a consequence of the general circu- 
latory improvement. The matter has been studied in great detail, especially 
by Eichna and his associates®! who, while supporting the above general conclusion, 
indicate that the mode of action of digitalis in producing a diuresis is still not 
understood. They show that a diuresis can occur with only very slight improve- 
ment in renal plasma flow or glomerular filtration rate, and indeed in one patient 
no change in cardiac output took place although the venous pressure fell. They 
therefore feel that general hemodynamic improvement may itself directly affect 
the kidney tubules. Whatever may be the mechanism, sodium and water loss 
is often remarkable in the first few days and it does not continue after overt 
edema has disappeared. The possibility of a direct action of digitalis on the 
renal tubules is worthy of study in view of the fact that cardiac aglycones are 
chemically similar to the spirolactones which prevent the renal effects of aldo- 
sterone by competitive inhibition®* (see paper by Barger and associates, p. 571). 

There are, of course, a variety of types of cardiac disorder which are very 
little influenced by digitalis. Both acute rheumatic heart disease and anemic 
heart failure may show little or no response, and other obscure forms of myo- 
carditis may be little influenced. The question is often raised whether digitalis 
should be given prophylactically in the earliest stages of cardiac overload. It 
is certainly true that many patients will present with grossly enlarged hearts 
and gallop rhythm who are as yet without complaints of shortness of breath. 
In such patients, digitalis administration will lead to disappearance or dimi- 
nution of these ominous physical signs. Once digitalis is begun for good reason 
it should be continued for the rest of the patient’s life. Judgment of dosage is 
relatively easy in the presence of atrial fibrillation. If the pulse rate is kept down 
to 70 per minute and there is no considerable increase of rate in mild activity, 
then the dose is almost certainly correct. The situation is more difficult in the 
patient in sinus rhythm. It is cemmon practice to increase the dosage to the 
point of sickness and then to reduce slightly. If this is done the physician can 
be quite certain that he has used the maximum tolerable dosage suitable for 
therapy. Continuing dosage should be sustained just below the level which 
induces nausea. 
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DIURETIC THERAPY 


B. 


Reference has already been made to the manner in which mercurial diuretics 
and chlorothiazide may, by blood volume reduction during diuresis, have a 
venesection-like action on the heart. Similarly the action of digitalis on renal 
elimination of sodium and water has also been mentioned. The combination 
of these remedies has constituted a great advance in the successful management 
of heart failure. 

Because of the potency of mercurial diuretics in the elimination of chloride, 
it has been common custom to give ammonium chloride to promote diuresis. 
In fact, when patients become refractory to mercurials, adequate dosage with 
ammonium chloride (4 to 8 Gm.) in the preceding 12 to 24 hours often promotes 
successful restoration of diuresis. Keith and Whelan*? showed that mercurials 
would not cause a diuresis in the presence of low plasma chloride, and it is pre- 
cisely in such circumstances that ammonium chloride is so successful in restoring 
a diuretic response. With sodium depletion by diet or ingestion of resins, mer- 
curials may cease to be effective. In the advanced or irrecoverable stages of 
cardiac failure, diuresis may deplete the body of potassium to a dangerous de- 
gree. For this reason it is good practice to give ammonium chloride and po- 
tassium chloride (2 to 4 Gm. of each in 24 hours) before the administration of a 
mercurial. 

Acetazolamide, the carbonic anhydrase inhibitor, had only short-lived 
interest as a diuretic in cardiac edema; it only eliminates sodium for a few days, 
while the serum bicarbonate is falling. The latter change is accompanied by a 
rise in plasma chloride and the resulting acidosis inhibits further diuretic re- 
sponse.**°§ It has been suggested that its action in elevating plasma chloride 
may be of value in promoting a mercurial diuresis, and it has been recommended 
that acetazolamide should be given in the intervals between mercurial injections.*® 
Although the reduction of serum bicarbonate by acetazolamide has been claimed 
to be beneficial in emphysema heart failure,®° it is doubtful if the biochemical 
correction is more than apparent. The high bicarbonate is part of a mechanism 
to compensate for CO, retention and its reduction is therefore an unphysiologic 
aim. 

The aminouracils (Aminometradine) have a slightly greater potency than 
the xanthines. Given orally, they produce a diuresis in about one-half the cases 
and the reaction may take a day or two to develop after administration is begun. 
Occasionally toxic effects in the form of nausea and vomiting may occur.® Ami- 
nometradine has been superseded by chlorothiazide, which, with its derivatives, 
forms the most powerful group of oral diuretics. 

Chlorothiazide is a less potent carbonic anhydrase inhibitor than acetazola- 
mide, but it causes a pronounced chloruresis with corresponding additional 
sodium loss.® It can be added to mercurials, and it causes considerable excretion 
of potassium with a real risk of hypokalemia. 

These potent substances, like so many other drugs in our modern phar- 
macopoeia, are fraught with possibilities for harm as well as good. Drastic 
antidiuretic treatment can lead to gross electrolyte disturbances unless carefully 
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controlled. This is especially the case when they are combined with salt restric- 
tion or with the administration of synthetic resins. Increasing uremia from 
sodium depletion and muscular weakness from severe potassium loss must always 
be kept in mind. When the cardiac patient can be treated with digitalis alone, 
this is probably the safest and most physiologic approach. Diuretics are best 
used with caution and intermittently (at intervals of a few days) to allow adjust- 
ment of electrolyte balance to take place physiologically between times. 

During a mersalyl diuresis, the mercurial is eliminated. Cardiac failure 
and renal insufficiency may delay the excretion of mercury.** Damage from 
this retention is difficult to prove, but some believe it can lead to a nephrotic 
syndrome.® The evidence for this claim is not satisfactory, and, in fact, cardiac 
nephrosis has been successfully treated by continuing dosage with mercurials.” 

To conclude, the practical management of the cardiac invalid is based on 
judicious use of available remedies. In the presence of edema the appropriate 
use of modern potent diuretics must be carried out with meticulous attention 
to regulation of the optimum water and electrolyte balance. 


SUMMARY 


1. The present status of cardiotonic and diuretic drugs is reviewed. 
2. The varying types of action of digitalis in differing hemodynamic situ- 
ations are described and illustrated. 

3. The mode of action of modern diuretics is briefly discussed, with par- 
ticular reference to their effects on circulatory dynamics and on electrolyte 


balance. 
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